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Abstract

There is an increasing demand for the development of artificial orthopaedic implant material that

can aid the bone recovery process due to the complications associated with harvesting bone from

other parts of the body (autograft), and the limited supply of donor material (allograft) as well as

the risk of immune rejection or transmission of disease. Titanium and its alloys, and particularly

Ti-6Al-4V, have become popular materials for orthopaedic implants because of their mechanical

strength, biocompatibility and corrosion resistance. It is crucial that artificial implant material

mimics the porous structure of human bone in order to ensure sufficient fusion between the implant

and surrounding bone through bone in-growth, as well as allow fluid transportation throughout

the implant. Also, the ability to produce implants with bespoke geometries for patient-specific

applications is required.

This research focuses on the development of a novel manufacturing method for producing porous

titanium scaffolds for the application of orthopaedic implant material, through the combination

of foam gel casting and additive manufacturing (AM) by material extrusion. Foam gel casting

offers the ability to control the level of porosity and pore sizes of the resulting material, and

despite its successful implementation with a wide range of ceramics as well as even with stainless

steel, remains almost entirely unexplored for Ti-6Al-4V. AM offers the capability to easily produce

bespoke geometries that can be tailored to specific applications. As such, the combination of

these two processes offers a unique novel method of manufacturing which presents the capability to

address the complex requirements of artificial implant material. In this work the foam gel casting

process has been developed for Ti-6Al-4V and optimised to produce material with optimal porosity

in terms of size, shape and interconnected structure of the pores, for the replacement of human

trabecular bone. In addition, it has been demonstrated that this process can be combined with

AM, using a standard desktop 3D printer with a paste extrusion toolhead attachment, in order to

produce bespoke 3D structures through the deposition of single tracks and building up successive

layers, whilst still maintaining the optimised porous structure of the material.

This research demonstrates the feasibility of this novel manufacturing method which offers the

capability of producing artificial implant material with both optimal porosity for biocompatibility,

as well as the potential to readily produce patient-specific implants with bespoke geometry.
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1 Chapter 1: Introduction

1.1 Background Information

1.1.1 Properties of Human Bone and Orthopaedic Implants

Bone tissue is known to have impressive self-healing abilities, however large defects (> 2 mm)

[1, 2] sometimes cannot be healed entirely by the body and therefore the use of bone implant

material to bridge the gap is necessary to assist the healing process [3, 4]. This tissue can be

grafted from another part of the body (autografts) or can be taken from a donor (allografts) [5].

Grafted bone tissue has many clear advantages as implant material, including ideal structural and

compatibility properties for osseointegration, as well as avoiding any complications as a result of

immune rejection that can occur with allografts or artificial implants [6]. Autograft material is most

commonly harvested from the posterior iliac crest, however this bone material is a limited resource

and a number of complications can arise as a result of the surgical procedure, and it is also restricted

by the age and health of the patient [4, 7]. The side effects of the surgery can be long lasting, with

some patients reported to still experience pain up to 2 years afterwards [8]. Allografts are generally

the second surgical choice following autografts, with an increasing availability of allograft tissue.

However, this process presents even more complications, including the risk of disease transmission

and potential rejection of the implanted bone tissue by the body [4]. Both autografts and allografts

require processing and shaping during the surgical procedure in order to produce implants with

personalised geometry. Therefore, there is an increasing demand for the development of artificial

bone implant materials that can aid the bone recovery process [7], as well as fabrication techniques

that can produce implants with patient-customised geometry. Artificial bone implants have to

be designed to either decompose in the long term and be replaced by new bone, or allow for the

surrounding tissue to be incorporated into the implant material [3].

In order to ensure bio-compatibility, implants must present a number of specific characteristics.

Since human bone grafting is the primary choice material for implants, it is vital that artificial

implant material is comparable in its properties to human bone [4]. Ideally implants should be

manufactured from biocompatible materials and demonstrate porosity and mechanical properties

that mimic those of human bone [7]. A summary of these properties is presented in Table 1.
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Coritcal Bone Trabecular Bone Ti-6Al-4V

Porosity (%) <10 [9] 50 − 90 [9] -

Pore Sizes (µm) 10 − 50 [10] 300 − 600 [10] -

Young’s Modulus
(GPa)

10 − 30 [11] < 0.5 [10] 110 − 120 [11]

Table 1: Summary of human bone material properties compared against cast Ti64.

Interconnected porosity within implants is essential, particularly in non-degradable implants,

in order to allow transportation of fluids and create a scaffold that promotes bone in-growth [7, 9,

12]. Implant-loosening due to weak bone-implant bonding is a common problem which is minimised

by using porous implants which have been shown to promote a more stable fixation [13]. Figure

1 shows an example of new bone growing within a porous implant scaffold. Several studies have

investigated the ideal implant pore geometries that promote bone growth and bone-implant fusion

[14–16]. Pore shape as well as size have been found to impact bone growth within implant scaffolds

[17]. In particular, curvature of pores has received specific attention and it has been shown that

concave surfaces promote higher levels of bone growth than flat or convex surfaces [18]. In studies

investigating the effect of pore size, bone growth has been observed within scaffolds with pore sizes

ranging from 100 − 1200 µm, however the optimal pore sizes have been identified in most cases to

be 300−600 µm [14–16, 19–21]. Also, the optimum porosity for implant scaffolds is suggested to be

60 − 65 % [22]. Limited research has attempted to quantify the optimal interconnectivity between

pores, however a study by Lu et al. showed the most favourable size of connections to be over

40 µm when investigating porous ceramics with mean interconnections ranging from 30 − 100 µm

[23]. Other work has shown that, in general, a higher level of interconnectivity and permeability

between pores results in greater osseointegration [21].

Bone tissue is made up of two structures; cortical and trabecular (cancellous) bone. Trabec-

ular bone makes up the inner spongy part of bone which has a porosity of 50 − 90 % with pore

sizes ranging from 300 − 600 µm, whereas the denser cortical bone that creates an outer layer

has a porosity of less than 10 % with pore sizes 10 − 50 µm [9–11]. However, as high levels of

interconnected porosity are vital for the incorporation of the implant material within the body,

the primary aim when developing artificial implant material should be to mimic the structure and

porosity of trabecular bone as it is known that stem cells involved in bone regeneration respond
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to these porosity characteristics [1]. The porous structure of trabecular bone, as seen in Figure 2,

is largely stochastic and isotropic (non-directionally dependant), which should also be aimed for

when producing artificial implant scaffolds [24]. This helps to ensure that optimal fluid transport

and bone in-growth can occur in any direction through the implant.

Figure 1: Optical micrograph showing bone in-growth (purple stain) within a porous scaffold of
pore sizes between 300 − 500 µm and porosity 40 − 60 %. Adapted from [25]

Figure 2: CT scan of human trabecular bone. Adapted from [24]

The material used to produce an implant must itself be biocompatible. Implant scaffolds have

been manufactured successfully from a wide variety of biocompatible ceramic materials however

the major limitation with these materials is low mechanical strength and therefore the implants are

restricted to non-load bearing applications [9, 21]. To overcome this issue, metals such as stainless
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steel 316L (SS 316L) and cobalt-chromium (Co-Cr) alloys have been used as implant materials

[26–28], however titanium (Ti) and its alloys have become the most popular material of choice due

to their high mechanical strength and superior biocompatibility and corrosion resistance [29, 30].

The high corrosion resistance of Ti and its alloys results from the formation of an oxide layer on the

surface of the metal within milliseconds of exposure within a range of corrosive environments, which

acts as a protective barrier [31]. In particular Ti alloy Ti-6Al-4V (Ti64) has become a commonly

used alloy for the production of orthopaedic implants [32]. The mechanical properties of implants

are an important characteristic for ensuring biocompatibility, in particular the Young’s modulus

[33]. Cortical bone has a modulus of 10−30 GPa and trabecular bone < 0.5 GPa [29, 34, 35]. The

disadvantage of using metals as implant material is that often the Young’s modulus of the metal

is significantly higher than the surrounding bone, as in the case of Ti64 where E ≈ 110 GPa [29,

30]. Where the Young’s modulus of the implant is significantly higher than that of the surrounding

bone, it has been known to result in a failure known as ‘stress shielding’ which requires painful

revision surgery [34]. This phenomenon occurs as a result of the high modulus of implant material

causing a stress concentration at the bone/implant interface. It is therefore important that implant

scaffolds exhibit similar mechanical properties to those of human bone. It has been shown that

introducing porosity to implant materials such as Ti alloys reduces the Young’s modulus, and so

modulus can be altered by carefully controlling the porosity [30, 36]. Therefore, there is a clear

demand for the development of manufacturing techniques that are able to produce Ti64 implant

material with specifically tailored levels of porosity that more closely matches both the porosity

and mechanical properties of human bone.

1.1.2 Additive Manufacturing

Additive Manufacturing (AM) has become an increasingly popular manufacturing technique since

first emerging in 1981 [37] due to the material flexibility, geometrical freedom and customisation

it offers [38]. In contrast to conventional subtractive manufacturing processes, AM fabricates 3D

products from a digital file (typically CAD file) through additive layer-by-layer techniques, making

it inherently less wasteful in terms of material. AM encompasses a wide range of technologies

including selective laser sintering (SLS), selective laser melting (SLM), direct metal laser sinter-

ing (DMLS), stereolithography (SLA), fused deposition modelling (FDM), digital light processing
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(DLP), electron beam melting (EBM), material jetting and binder jetting, and can fabricate prod-

ucts from materials including polymers, metals, ceramics and composites [39, 40]. The geometrical

flexibility that AM offers provides the capability of producing more lightweight components that

reduce material consumption and both energy consumption and CO2 throughout manufacturing,

transportation and overall product life cycle [39, 40], as well as the ability to produce complex

geometries that would not be achievable using conventional manufacturing processes. As such, it

has been suggested that AM could provide the way forward for manufacturing reproducible porous

Ti-based implants with specifically tailored porosity and mechanical properties which meet the

optimal requirements for orthopaedic implants as outlined later in Section 2.9 [41]. Also, the ease

of customisation that AM offers makes it ideal for the production of implant scaffolds where the

geometry of the implant has to be tailored to each individual application.

1.2 Aim and Objectives

This project aims to develop, understand and optimise a novel method of manufacture which utilises

AM technology, capable of producing orthopaedic implant material with optimised porous structure

as well as bespoke geometries. The key objectives of this work are as follows:

• To conduct an in-depth review of the current applications of AM in the medical sector and

understand how this technology is being applied to solve the complex issues presented in this field.

• To research the existing methods of manufacture that have been applied to produce porous Ti

implant material, and critically assess the properties of the material produced using each method

against the requirements outlined in Section 1.1.

• To identify the limitations of the existing methods of manufacturing for this application, and

highlight the knowledge gaps that require addressing.

• To pioneer and optimise a novel method of manufacture which is able to produce porous Ti64

structures that mimic the structure of human trabecular bone and meet all the outlined criteria

highlighted from previous research as being optimal for orthopedic implants.

• Through a combination of systematic experimental work and mathematical modelling, to

develop a detailed understanding of this manufacturing process and how to optimise the process

parameters in order to produce scaffold material with optimal properties.

• To understand the limitations of this process and highlight a route for further development.
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1.3 Thesis Structure

This thesis follows a traditional structure of ‘Introduction, Literature Review, Experimental Pro-

cedures, Results/Discussion and Conclusions’. The results/discussion part of this work is divided

into four chapters which represent the four key subdivisions of the work completed.

Chapter 2 provides a detailed review of the literature covering existing research relevant to

this area of work. This includes the various applications of AM in the medical sector, the exist-

ing methods of manufacture that have been used to produce porous Ti for orthopaedic implants

including their strengths and limitations, thin-layer drying models and their applications, and the

knowledge gaps from the existing research that this project aims to address. Chapter 3 outlines

the experimental procedures followed in this work including the materials and equipment used, as

well as details of the processes that were followed.

Chapter 4 presents the development of the foam gel casting procedure using AM grade Ti64

powder, and how the parameters can be controlled to optimise the porosity of the resulting material

to meet the criteria of orthopaedic implants. This chapter also demonstrates the stability of the

optimised powder-based slurry, and the ability to extrude this foamed slurry from a syringe whilst

still maintaining the optimal porous structure of the resulting material. Chapter 5 addresses the

challenges around controlling the viscosity of foamed metal powder-based slurries, and investigates

various methods of reducing viscosity in order to make the slurries suitable for material extrusion,

whilst maintaining the slurry stability and the green strength of the dried material.

Chapter 6 presents the development of the 3D material extrusion process using foamed metal

powder-based slurries, from the extrusion of single individual tracks through to the deposition of

multi-layer 3D structures. In particular, this chapter highlights how the viscosity of the slurry has

a significant impact on the quality of the extruded tracks, layers and full 3D structures. Chapter 7

investigates the drying behavior of Ti powder-based slurry when deposited on a heated platform,

and demonstrates how this understanding is vital when designing the process parameters for 3D

material extrusion. This includes the application and development of thin-layer mathematical

drying models for this process, and assessing the suitability of these models for this application.

Finally, Chapter 8 summarises the key conclusions from this work and presents recommendations

for further development within this area.
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2 Chapter 2: Literature Review

2.1 Introduction

This review provides a broad summary of how AM technologies have been, and continue to be

applied within the medical sector. Titanium alloy Ti64 is highlighted as a popular choice for

orthopaedic implant material due to its mechanical strength, biocompatability and corrosion resis-

tance. Existing manufacturing techniques used to produce porous titanium implants are reviewed,

and their limitations are highlighted. Additive manufacturing is proposed as a way forward for

producing porous titanium implants with specific mechanical and structural properties. The de-

velopment of gel casting as a manufacturing technique is reviewed, with a focus on how it has

been adapted to produce highly porous ceramic and, in more recent years, metal components. It

is suggested that this technique could be adapted to produce porous Ti64, and combined with AM

technology in order to capitalise on the benefits that it offers, particularly with regard to flexibility

over the geometries that can be produced.

2.2 AM and Medical Applications

With the rapid adoption and development of AM technologies in recent decades across multiple

sectors, it is unsurprising that there is an increasing interest in the development of AM for appli-

cations within the medical sector. The AM Platform Roadmap [42] highlights Health as one of the

seven key sectors in which AM technologies have been adopted and is predicted to expand, along

with Aerospace, Automotive, Consumer Goods and Electronics, Industrial Equipment and Tooling,

Construction and Energy, and finally Defense, which has been added to the roadmap since its

publication. Sections 2.2.1 - 2.2.5 provide a summary of how AM technologies have been utilised

across various applications within the Health sector, and Section 2.2.7 highlights the barriers that

must be overcome in order for widespread adoption of AM in this sector to be achieved.

2.2.1 Dental Applications

Out of all the medical fields the dental market represents the largest share of AM applications,

with the technology currently being developed for the manufacture a range of implants and devices
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including crowns, bridges, drill guides, dental aligners, dentures and maxillofacial implants, using

a range of AM technologies including SLM, DMLS, SLS, SLA and FDM [28, 42–45].

Dentures provide a replacement for teeth and their connecting tissue for patients who have lost

some or all of their teeth, which are designed to be removable for daily cleaning. Dentures can be

full or partial depending on the clinical requirements of the patient. Removable partial dentures

(RPDs) consist of a metal wire frame that connects the artificial teeth which are manufactured

from acrylic, nylon or Co-Cr [46]. The wire frame is conventionally manufactured from Ti alloys

or Co-Cr by producing a wax mould and then casting [47, 48]. Research has shown that metal

powder sintering AM processes including SLM and DMLS can be utilised to manufacture these

RPD metal frames from SS 316L and Co-Cr [49, 50], and also that this manufacturing technique

can be combined with 3D scanning in order to produce a frame geometry that closely matches that

of the patient’s anatomy [51]. In addition to these developments, the orthodontic company Dentca

(California, USA) received FDA approval in 2015 for their acrylic based UV curable resins which

can be used to produce 3D-printed full and partial dentures using 3D scanning and SLA technology,

with the aim to provide dentists with the ability to manufacture patient-tailored dentures on-site

[52]. Further to these FDA approved acrylic resins, there has also been research conducted into the

development of antimicrobial resins that can be used to produce dentures using SLA [53]. There has

also been more recent interest in the application of FDM in producing complete trial dentures from

polylactic acid (PLA) [54, 55], as well as the development of removable partial dentures (RPDs)

produced from polyetheretherketone (PEEK) using FDM [56]. However, the approval of Dentca’s

SLA resins offer the most promising route to widespread application of AM technology to the

manufacture of dentures.

Orthodontic implants provide an alternative to traditional dentures, whereby individual teeth

are replaced by inserting implants directly into the jaw bone which provide a mount for a ceramic

or metal crown to be fixed to. The implants themselves are conventionally manufactured from

a rod of comercially pure titanium (CpTi) or Ti64 by machining, with further post-processing

and surface treatments applied to produce rough/porous surfaces which promote osseointegration

within the jawbone [57]. Over the last decade however there has been an expanding body of

research in conjunction with clinical studies around the application of AM, specifically powder

bed fusion methods such as SLM, SLS and DLMS, for producing titanium dental implants [58–
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(a) (b)

Figure 3: SLM produced Co-Cr RPD frame fitted to a cast of the patient’s anatomy (a) and fitted
within the patient’s mouth (b). Taken from [49].

61]. In general it has been concluded that AM technologies provide a superior alternative for the

production of custom implants, with controlled porosity levels and surface roughness that improve

the osseointegration process [62]. Ti64 dental implants have been produced using SLS with a porous

outer surface and dense core have been clinically evaluated and shown to have a 94.3 % success

rate after 3 years [63]. Other clinical studies have been conducted using implants manufactured

in the same way with even higher success rates, but with shorter follow-up durations [64, 65]. In

addition to being attached to implants as a direct replacement for lost teeth, dental crowns can also

be fitted over a damaged tooth to provide protection against further damage as well as improving

appearance [44]. Crowns are typically fabricated from ceramics or inert metals. The development

of ceramic powder suspended photosensitive resins has opened up the potential for dental crowns

to be 3D printed using SLA, which has been explored in various experimental studies [66, 67]. SLA

fabricated alumina has been shown to have comparable mechanical properties to milled zirconia as

well as alumina fabricated using conventional subtractive techniques, and superior to dry pressed

alumina [66, 68, 69]. The main complication with SLA fabricated ceramic crowns is the post-

processing required to burn out photosensitive polymer binder, as well as the subsequent sintering

of the ceramic powder. These processes cause anisotropic shrinkage of SLA fabricated ceramic

components which raises an issue with dental crowns where high geometric accuracy is required,

and therefore further process/material development is required in order to overcome these challenges

[66]. In addition to SLA, there is also some emerging research around FDM 3D printing of dental

crowns from polyvinyl alcohol (PVA) filament [70], however this is still in its infancy and only the

geometrical accuracy of crowns fabricated in this way has been assessed.
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In some clinical cases, patients who suffer from a fractured chin or jaw or damage to the bone

tissue as a result of cancer may require maxillofacial (specifically mandibular) implants to provide

partial or full replacement of the jawbone [12]. Currently, autologous bone grafting is the gold

standard technique for the fabrication of these implants [71], however the drawbacks of this process

have already been discussed in Section 1.1.1. AM techniques have been used to assist in the

fabrication of these types of implant, such as using SLA to produce a casting mould from patient

CT scan geometry data into which molten titanium was cast [72]. The cast titanium formed a

tray which was filled with harvested trabecular bone, and covered with harvested cortical bone

which was then shaped to provide the desired geometry. The tray was fabricated in this way

in order to provide an implant shape that accurately restored the patient’s jaw line. Whilst this

method reduces the amount of bone material that needs to be harvested compared with conventional

autograft techniques, it is still quite a complex multi-step fabrication process and does still require

bone material to be harvested from the patient. Therefore there is clearly still demand for the

development of AM methods that can directly fabricate complete maxillofacial implants that remove

the requirement for bone material harvesting. There have been news reports of an elderly patient

in 2012 who became the first person to undergo a full titanium jawbone transplant that was

manufactured using SLM [73, 74], however very little information is available regarding the design

and fabrication processes, and no details regarding the properties of the implant and its long-

term success are provided. Despite the lack of provided information, this example once again

demonstrates how AM technology continues to provide unique solutions to modern-day medical

challenges.

Binder jetting 3D printing has been used to produce hydroxyapatite maxillofacial implants

which have been successfully clinically tested in-vivo (Figure 4) [75]. Custom implants were fab-

ricated from CT scans of ten patients using a Z406 3D printer (Z-Corporation, USA) which uses

an inkjet printhead to deposit binder upon successive layers of powder. The 3D models were

modified to design internal porous structures to allow osseointegration. The powder material used

was α-tricalcium phosphate, which was selected because with the addition of water it forms hy-

droxyapatite, which also solidifies without the need for sintering. The binder/curing agent that

was deposited was a solution mixed using sodium chondroitin sulfate, disodium succinate and dis-

tilled water. Previous attempts to produce implants using this method had resulted in insufficient
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mechanical strength for surgical handling, meaning the implants had to be sintered which impacts

dimensional compatibility because of shrinkage as well as potentially compromising biodegradability

[76]. Sufficient mechanical strength for surgical handling was achieved within this work by optimis-

ing the powder particle size and the viscosity and pH of the curing solution. Osseointegration of

the host bone within the implants was observed within all patients after 6 to 12 months. This work

presents promising suitability of implants fabricated by binder jetting 3D printing for maxillofacial

implants, however it should be acknowledge that this artificial hydroxyapatite bone material would

not be suitable for load bearing applications due to insufficient mechanical strength. There has

been recent research and in-vivo clinical testing of 3D printed PEEK mandibular implants [6]. The

specific AM technology used to fabricate the implants is not stated in the study, but is assumed

to be FDM. The clinical testing presented a number of positive outcomes including no observed

local infection or inflammatory responses. However, the bio-inert nature of PEEK means that it

cannot provide osseointegration and so the implants were instead fixed to the surrounding bone

using titanium screws, increasing the risk of implant failure in the long-term. Therefore, further

development of the material is required before these implants can be reliably implemented.

Figure 4: Images showing 3D CAD model generated from CT scan data (a) and hydroxyapatite
binder jetting 3D printed maxillofacial implant (b). Taken from [75].

2.2.2 Surgical Guides and Models

AM combined with 3D imaging (predominantly MRI and CT scanning) provides the ability to

produce models of a patient’s anatomical structure which can be used by surgeons as a guide, and
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also for training purposes [28, 45]. Providing surgeons with highly accurate 3D models of a patient’s

anatomy can improve surgical results and reduce medical errors, and studies have demonstrated

the benefits of implementing these methods for educational purposes and surgical planning [77,

78]. Surgical models have been manufactured using these methods to assist with liver transplants,

renal malignancy surgery, laparoscopic pyeloplasty surgery and cardiovascular surgery, by producing

accurate 3D models of patients’ livers, tumors, blood vessels, organ contours, nephrons, ureter, renal

pelvis, kidneys and cardiovascular systems [79–84]. In addition to the dimensional and geometric

accuracy of 3D models produced using 3D imaging and AM, technology including binder jetting

and material jetting can produce full-colour models allowing the components of a patient’s anatomy

to be clearly distinguished [12]. Also, the use of translucent materials, or printing mesh structures

rather than solid bodies, can improve visibility of the anatomy being modelled, thus providing

surgeons with a clearer view [77].

2.2.3 Bioprinting

Bioprinting refers to the guided deposition of living cells to produce artificial living tissue, through

the application of AM technologies including SLA, material jetting and material extrusion [45].

Whilst these methods have been successfully implemented to develop soft-structure implants for

tissue reconstruction, significant development is still required in order to be able to produce fully-

functioning anatomical models and artificial organs [12]. Bioprinting typically involves the creation

of a solution containing biomaterials which forms a hydrogel that is then extruded, cured or sprayed

in a layer-by-layer manner to produce full 3D artificial tissue structures [28]. Hydrogels are made up

of crosslinked hydrophilic polymers that are capable of absorbing large quantities of water without

dissolving, which creates an ideal environment for encapsulating cells [85]. Materials that have been

used in studies to create hydrogels for bioprinting include alginate, fibrin, nano-hydroxyapatite,

collagen and hyaluronic acid [45]. Alginate presents a number of properties that make it effective

for use as a hydrogel, which when combined with its high availability and non-immunogenicity make

it a popular choice of biomaterial [86]. Various studies have combined alginate with living tissues

including collagen and other human stem cells to produce bioinks or hydrogels for bioprinting 3D

tissue structures [85, 87, 88], some of which have shown promising results from in-vitro testing,

however further detailed in-vivo testing is still required for these artificial tissue structures before
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they can be adopted.

2.2.4 Pharmaceutical Applications

The first extended drug release formulation was released seventy years ago [89], and since then there

has been an increasing interest in the development of new techniques that allow release formulation

to be personalised to the patient needs [90], however currently still around 70 % of oral medicines

are immediate release formulations [91]. AM technology offers obvious advantages regarding dosage

forms and formulation for pharmaceutical drug delivery, and whilst these techniques are in their

infancy there has been an increasing research interest in the application of AM within the pro-

duction of both oral and transdermal drugs [12], using techniques including FDM, binder jetting,

SLA, DLM and SLS [86, 90]. These methods can be used to produce oral drugs with various

shapes and internal structures, which can be altered to tailor the drug release or even combine

multiple active pharmaceutical ingredients (APIs) with different release rates, resulting in better

dispersion throughout the gastrointestinal tract as well as improving dose accuracy when compared

with manual dose splitting [12, 90]. The various AM techniques for producing oral pharmaceu-

tical drugs that have been explored all involve combining the API(s) (typically in powder form)

with a biocompatible/bioabsorbable material and producing a structure that enables them to be

released through dissolution whilst within the digestive system [90]. There is limited availability

of biocompatible FDM polymers, however traditional FDM polymers such as PLA, PVA and EVA

(ethylene-vinyl acetate) are all non-toxic and have been applied to the development of formulations

for drug delivery [92–95]. PVA is already used within oral drug formulations [96], and EVA is used

within transdermal drug delivery systems [97], therefore these polymers show promising signs of

being suitable for the production of oral drug formulations using FDM. The methods for loading

the API within the polymer filament that have been explored are soaking the filament and printed

tablets in API powder dissolved within a solution, and melting the polymer and combining with

powder API prior to extruding into a filament. The drug loading level achieved through soaking of

the filament and tablets is fairly limited (< 2 %) [98–101], whereas higher loadings of up to 70 %

were achieved through melting and mixing prior to extruding the filament, although the addition

of plasticisers was required at higher loadings [94, 102, 103].

In addition to oral drug delivery, the use of AM technologies is also being applied to the
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Figure 5: SEM images of micro-SLA fabricated microneedles for TDD showing different needle
geometries and insulin dose loaded onto individual needles using material jetting. Taken from
[104].

development of transdermal drug delivery (TDD). TDD refers to a pain-free method of drug delivery

where the formulation is applied to the patient’s intact skin, and passes through to the dermal layer

where it becomes available for systematic absorption, predominantly through absorption or the use

of micro-needles [105, 106]. In order for drug molecules to pass through the outer layers of skin

through absorption, they must possess a strict set of properties, which is unfortunately not the

case for many pharmaceutical drugs [107]. The most effective way to overcome this barrier is the

use of microneedle arrays which penetrate the outer skin barriers allowing the drug formulation

to pass directly through to the dermal layer. Microneedles are minimally invasive devices which

contain needles that are long enough to pass through to the dermis (300 − 750µm [108, 109]), but

also narrow enough to avoid stimulating the nerves. Delivery of the drug formulation is typically

achieved in one of two ways; the use of hollow-bore microneedles which allow the drug to flow

directly through the centre of the needles, or polymeric drug-containing microneedles which release

the formulation as they biodegrade within the dermis [106]. Microneedles have been manufactured

from a range of materials including silicon, metals and polymers, using a variety of microfabrication
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techniques such as etching, electrodeposition and micromoulding [107]. Due to the ability of some

AM technologies to produce components with micrometer scale precision, there has naturally been

interest in applying AM to the production of TDD microneedle arrays [12]. Processes including

SLA, DLP and material jetting have been used to manufacture microneedle arrays, either directly

or by producing micromoulds which were then used to fabricate the needles [104, 110–114]. In some

of these studies the microneedle structures were fabricated using AM technologies such as FDM

or CLIP (continuous liquid interface production - similar to DLP), and then loaded with an API

either by soaking the arrays within a solution [113, 114]. Pere et al. fabricated the microneedle

arrays using micro-SLA technology in conjunction with a biocompatible resin, and then applied an

insulin coating to the needles using material jetting [104]. The results from their in-vitro tests using

porcine skin show that this method of delivery produced rapid insulin release rates. In addition

to this, they highlight that the use of material jetting in coating the microneedle arrays allows a

highly accurate specific dosing of API to be applied. The microneedle structures produced in this

study are presented in Figure 5, which also shows the insulin loaded onto the individual needles.

2.2.5 Patient Customisable Devices

The ability of AM technologies to easily fabricate complex geometries, alongside the use of 3D

scanning technology that can accurately acquire and generate 3D models of physical objects or

anatomy, lends itself naturally to the application of patient customisable medical devices, and as

such there have been a range of developments in this area. AM has been applied to fabricate a wide

range of patient-specific medical devices including prosthetics, splints, insoles and hearing aids [12,

28, 43, 73]. Zuniga et al. fabricated a prosthetic wrist-driven hand from PLA and acrylonitrile

butadiene styrene using various FDM machines [115]. The devices were tested by children with

congenital upper-limb deficiencies for 6 months, and it was reported that the children used the

prosthetic devices for a range of activities during this duration including school activities, sport

and playing. Paterson et al. compared a range of AM technologies for fabricating customised

wrist splints, and concluded that SLS, SLA and material jetting showed promising results, but that

further research into the materials, processes and splint optimisation is required in order to realise

the full potential of AM within this application [116]. Images of some of the splints fabricated in

this work are presented in Figure 6.
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(a) (b)

Figure 6: Custom wrist splints fabricated using SLS (a) from nylon powder (PA2200) and SLA (b)
technology using a tough and durable resin (Accura Xtreme, 3D Systems). Taken from [116].

AM has been applied to the development of patient-specific insoles for the treatment of plantar

fasciitis and diabetic foot [117, 118]. Flexible TPU insoles with porous inner structures were fab-

ricated using FDM with gradient modulus which was achieved by varying the porosity throughout

[118]. The insoles were not tested by users, however the work clearly demonstrated the feasibility of

the process and highlighted that such AM fabricated insoles can provide optimal support through

the careful control of the inner porosity. Xu et al. performed an extensive study with 60 patients

suffering from bilateral plantar fasciitis in order to compare traditional pre-manufactured support

insoles with custom 3D printed insoles [117]. 3D gait scanning technology was used to obtain the

geometry and dynamic foot pressure of the patients, which was then used to produce CAD designs

of the custom insoles. The insoles were fabricated from EVA by a commercial orthosis manufac-
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turer, however the specific AM technology that was used is not stated. The scanning equipment

was used to obtain pressure, strength and contact area data of the patients’ feet over 8 weeks of

use for both the pre-manufactured and custom insoles, and also feedback was gathered from the

patients throughout the duration of the study. The results show that the custom 3D printed insoles

provided more effective support and that the patients reported greater comfort compared to the

pre-manufactured insoles.

Figure 7: Images showing a face mask fabricated using SLS technology from nylon in response to
the demand for PPE during the COVID-19 pandemic. Taken from [119].

The use of AM technology in the fabrication of patient specific hearing aids is potentially the

most widely adopted use of AM in the medical sector. Various hearing aid manufacturers use

technologies including SLS and SLA combined with 3D scanning to fabricate hearing aids with

geometries tailored to the patient [28, 120]. Hearing aid manufacturer Sonova (Sonova Group,
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Switzerland) have been producing hearing aids using AM technology for over 20 years. Their

fabrication process involves creating a silicone impression of the ear canal, then using 3D scanning

technology to create a 3D model which is then used to fabricate the hearing aid shell using SLA

[121].

In response to the unprecedented demand for face masks during the COVID-19 pandemic there

was a rapid rise in the use of AM technologies to fabricate face mask and shield components [122–

124]. Components were fabricated from a range of materials including nylon, PET, PLA, and even

biodegradable materials, using AM technologies such as SLS and FDM [119, 125, 126]. The use

of AM in conjunction with 3D scanning technology allowed masks to be custom-fabricated to fit

individuals, and this unique situation also demonstrates how AM technology is able to provide a

rapid response to demand for specific components, which continues to be an issue faced in many

sectors today. Figure 7 shows a face mask fabricated using SLS that was custom-designed to fit a

specific individual using 3D scanning.

2.2.6 Acetabluar Cups

Total hip arthroplasty, also known as total hip replacement, is a surgical procedure in which a

damaged or worn-out hip joint is replaced with an artificial implant. During the surgery, the

damaged portions of the hip joint, including the ball-shaped head of the femur and the hip socket

(acetabulum), are removed and replaced with prosthetic components. The artificial hip components

can be made of metal, ceramic, or plastic materials and are designed to mimic the natural movement

of the hip joint. The replacement acetabular cups have historically been manufactured from Ti64

using traditional methods, however a range of clinically approved artificial acetabular cups that

have been manufactured using EBM are now available for this procedure. It is estimated that

at least 10 % of the replacement acetabular cups used for this procedure in the UK in 2017 were

manufactured using AM, and it is likely that this figure has significantly significantly increased since

then [127]. Conventionally manufactured acetabular cups present issues around poor fixation with

the host bone, despite being widely clinically implemented [128]. Cups produced using AM have

been designed with a highly porous surface in an attempt to provide enhanced fixation with bone

compared to conventionally manufactured cups. Figure 8 presents examples of Ti64 acetabular

cups produced using EBM which have been developed for this procedure.
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Figure 8: Images showing Delta TT (Lima Corporate, Italy) and Mpact 3D Metal (Medacta,
Switzerland) acetabular cups with porous surfaces manufactured using EBM. Adapted from [127].

Whilst these artificial acetabular cups have undergone benchmark testing in order to obtain

the required certification for clinical use, the only clinical testing that has been performed has

been short-term due to the fact that this process is still relatively new [127, 128]. The short-term

studies have demonstrated promising clinical results regarding the revision rates of cups produced

using AM [129, 130], however there is a clear demand for long-term clinical testing in order for the

success of these newly developed cups to be assessed against those manufactured using traditional

methods.

2.2.7 Barriers to Adoption of AM in Medical Applications

These developments in the application of AM in the medical sector clearly demonstrate that this

technology offers the capability to tackle many complex medical issues faced in society, however

significant further development is required before widespread adoption of these methods can be

implemented. Multiple barriers remain that must be addressed including a lack of clinical design

interfaces for AM systems or standardised geometry generation processes (particularity for patient

customisable devices), uneconomic material and processing costs, limitations regarding material

properties, limited selection of biomaterials suitable for AM, challenges regarding sterility and

packaging and the strict requirements that have to be met in order to receive FDA approval [12,

86, 131].
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2.3 Methods of Manufacturing Dense and Porous Ti

2.3.1 Ti64 Sintering and Properties

Ti64 is an alpha-beta titanium alloy containing aluminium (at 5.5 − 6.75 wt%) and vanadium (at

3.5 − 4.5 wt%) [132], which presents impressive mechanical properties despite its relatively low

density (4.5 g/cc) [133]. The mechanical properties of Ti64 can vary depending on heat treatment

processes. Table 2 presents typical property value ranges for ‘well-processed’ Ti64. Different heat

treatment processes alter the microstructure of the alloy, specifically the levels of both the alpha

and beta grain structures [134].
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Min 1878 104 40 96.8 0.31 880 900 36 5

Max 1933 113 45 153 0.37 920 950 36 18

Table 2: Summary of mechanical properties of Ti64 alloy. Data gathered from [135–137].

Powder Metallurgy (PM) is an extremely popular manufacturing technique used across a wide

range of industries that produces metal components from powders. The process typically involves

mixing the metal powder with additive or lubricants, compacting the mixture using a die into

preform green compacts, sintering in a controlled atmosphere in order to metallurgically bond

the particles, and finally any post-processing that is required [138]. PM provides a comparatively

low-cost, low-energy and material-efficient manufacturing route that offers high workability and

near-net-shaping of components [139, 140]. The high melting point of the alloy means that a

high sintering temperature is required when fabricating Ti64 by PM. Due to the high cost of the

material, PM is one of the preferred fabrication techniques because of its near-net-shape capabilities
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which help to reduce wastage [141, 142]. However, PM fabrication typically produces material with

unwanted residual porosity which compromises its mechanical properties, therefore there is been

significant interest in developing PM conditions which are able to produce highly dense Ti64 with

mechanical properties comparable to that of the wrought material [141]. Numerous studies have

explored various sintering techniques for Ti64 in order to achieve the highest possible final density,

including powder compaction techniques prior to sintering such as die pressing and ultrasonic

compaction [30, 142–144], as well as optimising sintering pressure, temperature and duration [30,

142, 145], reporting achieved sintered relative densities as high as 99.6 − 99.7 % [143, 144]. It

has been demonstrated that for various sintering temperatures, increasing sintering time up to a

certain point results in higher final relative densities, but that the rate of increase then plateaus

and further increase in time results in no further improvement in final density [144, 145].

The residual porosity that occurs as a result of PM fabrication techniques has actually been ex-

ploited as a method of producing porous Titanium for the purpose of orthopaedic implant material,

which is discussed further in Section 2.3.3.

2.3.2 Historical Development of Orthopaedic Implant Manufacture and Fixation

The clinical methods for implant fixation have evolved dramatically over the past century. His-

torically, fixation was achieved through impaction of the implant within the medullary cavity of

bone (the hollow part of bone that contains bone marrow) or by means of mechanical fixation

such as screws [146]. Implants secured by impaction rely on compressive stress for fixation, but

often resulted in failure due to stress concentrations developing or motion between the implant and

surrounding bone resulting in reduced bone in-growth and a loss of fixation [147]. In the 1950s

an acrylic cement was developed by John Charnley [148] to overcome the issues highlighted with

the alternative methods of implant fixation. The cement consisted of a powder component and a

fluid component which were mixed together prior to application, and then self-cured after a cer-

tain duration allowing for the surgical procedure to be completed prior to curing. This method of

fixation presented the benefit of ensuring a larger contact surface area between the implant and

surrounding bone, which reduced concentrations of stress and as such decreased implant failure

rates due to implant loosening and stress-shielding. The success of this fixation method compared

with the traditional methods led to it becoming adopted as the standard procedure, however over
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time concerns were raised regarding the long-term reliability of this implant fixation method with

delayed failures occurring as a result of relative motion between the acrylic cement and bone as

well as cracking due to the presence of voids [147]. As a result of these concerns, in the early 1970s

there emerged an interest in the development of porous-coated implant systems that achieve stable

fixation by bone in-growth within the porous surfaces [149].

Early methods of producing Ti64 with a porous coating included sintering of powder or wire

mesh onto the dense titanium surface, and more recently have included plasma-spraying of Ti

powder on the surface [150–153]. Successful bone in-growth within the porous coating of Ti64

implants has been observed in various clinical trials [147], with enhanced initial bone growth being

achieved with the application of a thin hydroxyapatite or polymeric layer upon the porous coating

[154, 155]. Whilst the development of these porous coated implants provided a suitable alternative

to cement based fixation of implants, the issue of mismatch in mechanical properties between

implant material and that of the adjacent bone, and the complications this presents (as discussed

in Section 1.1.1) still remain. In addition to this, as previously discussed, interconnected porosity is

vital for vessel growth and fluid transportation throughout the implant. Also, studies have observed

reduced fatigue strength of Ti64 with a porous coating produced by sintering of powder onto the

surface due to crack initiation close to particle/substrate contact interfaces [156]. As a result of

these complications, in the early 2000s attention shifted with the suggestion that entirely porous

Ti structures could be created which could achieve mechanical properties comparable to that of

human bone whilst also stimulating bone growth by providing an interconnected porous structure

for osseointegration as well as fluid transportation and vessel growth [157]. Since this point the

primary focus of research in this field has been on developing open-cell porous Ti scaffolds, and

as a result various methods of producing such implant material have been developed including a

range of powder metallurgy techniques, gel casting and additive manufacturing. The methods are

all explored in detail within this section.

2.3.3 Powder Metallurgy and Porous Ti

As previously discussed in Section 2.3.1, the unfortunate drawback of PM is that the relative

density of the final material after compaction and sintering of the powder is unable to match that

of the wrought material (typically < 95 %) [142], which in turn has a detrimental impact on the
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mechanical properties [158]. The residual porosity that is experienced is a result of gaps within

the compacted particle arrangement which causes incomplete densification during sintering, or due

to phase and structural changes that occur during the sintering process [142, 159]. Whilst the

residual porosity phenomenon is undesirable when manufacturing dense materials using PM, for

the application of bone implant material it is something that has been exploited in attempts to

produce porous Ti scaffolds.

2.3.3.1 Loose Sintering

The PM route can provide a cost effective and flexible way of producing porous materials, where

porosity can be controlled by altering the compaction pressure, sintering temperature of the pow-

der and particle size of the powder [158, 160]. As discussed in Section 2.3.1, increasing powder

compaction pressure prior to sintering has been shown to help produce almost fully dense material.

In contrast, loose powder sintering is the extreme case where the powder is sintered without prior

compaction which creates the maximum porosity achievable through the PM route. However, as

the porosity is simply a result of the gaps between powder particles due to lack of compaction, this

process is fairly limited in terms of the level of porosity that can be achieved, although controlling

sintering temperature and increasing the particle size of the powder can provide some scope [160,

161]. Figure 9 shows the effect of sintering temperature on porosity of Ti and Ti64 manufactured

by loose sintering. The higher porosities observed for Ti64 within the overlapping temperature

range is explained by the greater particle size of the Ti64 powder than the Ti powder, with mean

diameters of 107 µm and 74 µm respectively.

Similarly, Oh et al. explored fabricating porous CpTi structures using PM by controlling

sintering conditions including particle size range, temperature and pressure [30] with just a low

compaction pressure of 70 MPa applied to the powder prior to sintering. The powder compacts

were sintered at a range of temperatures between 1173 − 1373 K and under various pressures of

0 − 10 MPa, which resulted in final samples with a range of porosity between 5 − 37.1 %. The

maximum porosity of 37.1 % was achieved at a sintering temperature of 1173 K with no pressure

applied, which is similar porosity to the values achieved by Esen et al. using the same technique

[161]. The Young’s modulus of the sample produced with this porosity was reported to be 9 GPa,

which is comparable to that of human cortical bone, however the yield strength reported was lower
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Figure 9: Graph showing effect of sintering temperature on porosity of Ti and Ti64 manufactured
using loose powder sintering. Taken from [161].

than that of cortical bone which is explained by the lower initial yield strength of bulk CpTi. As

discussed in Section 2.3.1, it has been demonstrated that greater average powder size produces

higher levels of porosity in samples produced using PM [158]. This work confirms this observation,

but also interestingly highlights that powder size has a greater influence on porosity when sintering

is performed under pressure than in ambient pressure conditions. When sintering at 1173 K with

no pressure applied, samples produced from average powder size of 374 µm resulted in porosity

that was only < 3 % greater than those produced from powder with an average size of 64 µm,

however at 10 MPa pressure the difference in porosity was 14 %.

In addition to being restricted by the levels of achievable porosity, the diameter of the pores

produced via loose sintering are extremely limited. Mean pore sizes achieved are typically <50 µm

which is well below the optimal range for bone in-growth [160, 161]. Unfortunately, Oh et al.

provide no analysis of the pore sizes produced by sintering different powder sizes, so it is not

possible to confirm whether increasing the powder particle size can result in the creation of larger

pores [30]. Increasing sintering temperature has been observed to cause a slight reduction in pore

sizes [161]. Hence, whilst loose sintering is a relatively straight forward way of producing porous

Ti components which can produce Ti samples with mechanical properties close to that of cortical

bone, by itself it is unable to achieve the necessary levels of porosity and pore sizes required for

orthopaedic implants.
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2.3.3.2 Space-holder

A common adaptation of the PM route used to increase porosity and pore sizes is the space-

holder technique [29]. This method involves mixing Ti powder with a space-holder material of a

larger particle size and the mixture is then compacted by applying pressure. The space-holder

particles are removed either by dissolution or by burnout prior to sintering the Ti powder [157].

Several materials have been used as space-holders in order to control the size and shape of the

pores produced including urea, starch, magnesium, polypropylene carbonate, copper, stearin, steel,

sodium chloride and sodium aluminate [29, 162–165]. In a direct comparison between loose powder

sintering and the space-holder technique, Torres et al. demonstrated that the pore sizes and porosity

that can be obtained via loose sintering are limited in comparison with what can be obtained via

the space-holder technique [166]. CpTi powder with a mean particle size of 23.3 µm was sintered

without compaction at 1000◦C and 1100◦C, whilst NaCl space-holder particles of mean diameter

384 µm were mixed with the Ti powder at volume fractions of 40 − 70 % before compaction,

dissolution of NaCl particles and sintering of the Ti powder. The highest porosity and mean

pore diameters obtained by loose sintering were 41.5 % and 18 µm respectively compared 65.9 %

and 92 µm using the space-holder. This study also showed that the space-holder technique offers

significantly more control over both porosity and pore size by varying the volume fraction and

particle size of space-holder material in comparison with loose sintering.

Carbamide (or urea) has been a popular choice of space-holder material for creating porous Ti

structures due to its low decomposition temperature making removal easy prior to sintering [167]

and its range of available particle shapes which allow control over pore geometry [168]. Kotan

and Bor were able to produce Ti64 structures with porosity of 60 − 75 % and a mean pore size

of ∼ 400 µm using spherical carbamide space-holders of diameters 200 − 600 µm, however the

mechanical properties of the samples were insufficient due to the sintering temperature [167].

Spherical sugar pellets made of sucrose and starch, that are widely used in pharmaceutical

applications, have been investigated as a highly bio-compatible space-holder material [169]. Porous

CpTi was produced with various levels of porosity by mixing different volumetric quantities of sugar

pellets (30−70 %) followed by compaction of the mixture, dissolution of the sugar in distilled water

at 70 − 80◦C and sintering the Ti powder. The resulting structures had porosities ranging from
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20 − 55 % in relation to the quantity of space-holder used, showing that porosity can be easily

controlled. The samples with low levels of porosity had very limited interconnectivity (as low as

10 %) due to the pores being isolated, whereas those produced using a 70 % volumetric quantity of

space-holder had extremely good interconnectivity (up to 98 %). An example of the porous structure

produced as well as the pore interconnections is shown in Figure 11b. The overall porosities of the

structures were around 10 % lower than the volumetric quantity of sugar pellets within each initial

mixture, which is suggested to be a result of shrinkage during sintering. No measurements of the

pore sizes are provided so it is difficult to analyse against the ideal values for human bone implants,

however, the initial sugar pellet sizes were in the range of 212 − 500 µm which would have likely

resulted in pore sizes in the optimal region for this application.

Figure 10: X-ray radiographs showing progression of Ti being tapped into a NaCl particle network
after 0, 50 and 100 taps (left to right). Taken from [170].

A novel method for mixing Ti powder and space-holder particles was developed by Jia et al.,

whereby rather than employing the conventional dry mixing technique CpTi powder was mechan-

ically tapped into a pre-existing NaCl particle network [170]. Near-spherical NaCl beads of four

different size ranges (0.5− 1, 1− 1.4, 1.4− 2 and 3− 2.5 mm) were packed into a cylindrical die and

CpTi powder (mean diameter of 39 µm) was placed on top before being mechanically tapped for an

optimised number of cycles to ensure complete progression of Ti powder within the salt particles.

The mixture was then compacted, before the NaCl being removed by dissolution in water, followed

by drying and sintering of the Ti parts. Figure 10 shows the progression of Ti powder being tapped

into the NaCl network. The final porosities of the resulting structures were 79, 75, 74 and 71 % for

samples produced using 0.5 − 1 mm through to 2 − 2.4 mm. Pore geometry and interconnectivity
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(a) (b)

Figure 11: SEM images showing interconnected porous structure of Ti scaffolds produced by me-
chanically tapping Ti powder into a NaCl network using 0.5 − 1 mm space-holder particles (a).
Taken from [170]. Interconnected porous structure of CpTi produced by space-holder sintering
using sugar pellets (b). Adapted from [169].

was analysed for the Ti parts made using 0.5−1 mm salt particles, the structure of which is shown

in Figure 11a. The mean pore size was measured at 375 µm with mean interconnecting window

size of 190 µm and the connectivity density of the pores was measured to be higher than that of

human bone. The impressive interconnectivity is due to the tapping process which pre-establishes

contacts between the NaCl particles during initial compaction before incorporating the Ti powder

into the available spaces. These properties make the porous Ti parts produced using this method

very suited to the application of bone implant material, and show that this method is able to

obtain higher levels of porosity and interconnectivity than conventional dry powder mixing and

compaction. The Young’s modulus of the sample produced using 0.5 − 1 mm salt particles was

found to be 0.86 GPa, which is stated to be a close match to that of trabecular bone. Whilst this

is true, this value is significantly below that of cortical bone, and as such if this was used as an

implants it may not be able to provide sufficient support for load bearing applications.

Whilst the space-holder technique has been shown to be capable of producing Ti scaffolds with

promising levels of porosity and pore sizes for implant application, it does suffer from a number of

drawbacks. Issues can be caused by irregular mixing of Ti and space-holder powder which creates

unpredictable distribution of pores. Also, a lack of contact between space-holders results in poor

interconnectivity between pores which is absolutely essential within bone implants, as outlined in
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Section 1.1.1. Finally, the geometry of implants produced using this method is restricted by the

use of a mould. Ideally implant geometry needs to be tailored to specific applications, which would

mean that a new mould would have to be produced each time. Using a tapping technique to

incorporate Ti powder within a network of NaCl beads has been shown to overcome the drawbacks

associated with irregular distribution of pores and poor interconnectivity [170], however still suffers

from the same geometric constraints.

2.3.3.3 Hollow Particle Sintering

Porous metals can be produced by packing and sintering hollow particles or sacrificial spheres coated

in metal powder-binder slurry that create hollow particles when sintered. Hollow particle sphere

sintering was originally developed for the production of ceramic structures, but has since been

adapted to metals [171]. Hollow spheres are created by injecting powder based slurries through

the outer jet of a coaxial nozzle, with gas being blown through the inner jet to form bubbles

[172]. The slurry forms a film around the gas bubbles, which when dried creates hollow spheres

that have sufficient strength for handling and further treatment without significant breakage or

deformation. These spheres are then sintered either individually or as a packed structure, burning

out the materials involved in creating the slurry, and causing coalescing or ‘sintering necks’ between

adjacent particles resulting in an interconnected porous structure.

Figure 12: Schematic showing the coating process for making hollow Ti and SS sphere structures
using sacrificial styrofoam spheres. Taken from [173].
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Coated sacrificial spheres are produced by spray coating of a metal slurry (Figure 12), followed

by a similar sintering process to as described for hollow spheres, which removes the sacrificial

material leaving hollow interconnected metal spheres [174]. These highly porous structures have

gathered interest for a variety of applications due to their energy absorption under compression,

sound and thermal insulation properties, and low weight. To date, however, this technique has not

been used to produce porous implants. This may be explained by the level of porosity and large

pore sizes that are produced being greater than what is required for this application. Typically the

hollow sphere diameters range from 0.8 − 8 mm [157], and can result in porosities as high as 97 %

[174].

2.3.4 Selective Laser Melting and Porous Ti

Selective Laser Melting (SLM) is an AM technology that was first developed in 1998 as a way of

manufacturing metal parts directly from powders [175]. Other AM methods for producing metal

components from a powder have been developed, such as Selective Laser Sintering and Electron

Beam Melting, however SLM technology has progressed to become the most popular AM process

for the production of metal components due to the versatility of materials that can be processed,

the high surface quality of components and good repeatability [32, 38].

Figure 13: Schematic showing the main SLM Process Parameters. Taken from [38].

Almost fully dense parts with mechanical properties comparable to wrought metals can be
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produced using SLM if the appropriate process parameters are applied (laser power, spot size,

scanning speed, hatch distance, hatch angle/strategy and layer thickness), without requiring any

post-processing [176–178]. During the SLM process, CAD data is divided into several thin slices

(∼ 50µm), and a part is built by selectively melting thin layers of metal powder using a high

energy density laser. Once each layer has been melted, the build platform drops, and a fresh layer

of powder is swept over the top and the process is repeated to build a 3D object. In order to build

parts with structural integrity there must be sufficient fusion between adjacent laser scan tracks

and also between each successive layer of powder. Balling is a well-known defect that can occur

when instability of the molten metal pool causes splashing of droplets [177], as shown in Figure

14a. Balling creates an irregular surface which causes improper deposition of the subsequent layer,

which can lead to cracking and failure of the process [38, 179]. Keyhole-mode melting describes

when melt pool depth increases beyond the width [180], as displayed in Figure 14b. Pores formed

by keyhole melting are reported to be much larger than pores formed in normal (conduction-mode)

melting [179]. Also, the collapse of a keyhole cavity can leave behind large voids [181]. Keyhole

melting occurs when the melt pool is heated to a high enough temperature, and this temperature

has been suggested to be the boiling point of the metal [181]. Contrastingly, if the temperature is

not high enough, incomplete melting of the metal powder occurs, causing a lack of fusion between

tracks and layers [182]. These defects are affected by a number of different process parameters, and

as such can be reduced if the parameters can be optimised for specific materials [179, 183].

(a) (b)

Figure 14: Common SLM Defects. (a) SEM of balling, adapted from [38] (b) Cross Sectional Image
of Keyhole-mode Melting, adapted from [184].
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SLM technology allows for complex geometries and internal structures of parts to be created

and therefore provides an exciting possibility for producing porous biomedical implants [185]. It

also allows components to be manufactured from a wide range of metal powders, including Ti and

Ti alloys. Leuders et al. highlighted that implants produced using SLM can be customised to match

the requirements of the patient and as such SLM is an optimal technology for creating parts with

this purpose [32]. Despite the preliminary focus of research into SLM production of Ti components

being maximising the part density due to the negative impact of porosity on mechanical properties

[38], porous Ti scaffolds have also been produced using a variety of techniques.

2.3.4.1 Altering Process Parameters

Stamp et al. produced porous Cp-Ti scaffolds with pore sizes ranging from 400 to 800 µm by

employing a beam overlap procedure where the hatch distance was increased so there was no overlap

between each parallel laser scan track [24]. A hatch angle of 90◦ was used and the result was that

rectangular interconnected pores were formed. The obvious drawback of this method is that the

porosity is anisotropic which is undesirable for implants. Additionally, the regular porous structure

produced does not resemble the random (stochastic) porous structure of bone, as highlighted in

Figure 15, and there are no curved surfaces present. Using a very similar technique Zhang et al.

were able to produce interconnected rectangular pores with sizes ranging from 250 to 450µm [186].

The effect of the hatch distance on porosity was investigated and they found that it needed to be

greater than 500µm in order to create suitably interconnected pores. The structures manufactured

displayed mechanical properties within the region of those exhibited by cortical bone. However,

this method suffers from the same drawbacks as those discussed for the work of Stamp et al. [24].

2.3.4.2 Unit Cell Geometry

Unit cell geometry has been explored as a way of producing porous structures using SLM. Geome-

tries such as cubes [185], octahedrons [22, 187] and rhombic dodecahedrons [11] have been used as

hollow unit cell geometries that are repeated to populate scaffolds. Mullen et al. were able to pro-

duce structures from Cp-Ti where porosity and mechanical properties could be tailored by altering

the sizes of the octahedral unit cells [22]. The range of pore sizes created initially by altering unit

cell size was 600 to 1400 µm, most of which are larger than the optimum pore sizes discussed in
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Figure 15: CT scan of human trabecular bone (left) and porous Cp-Ti scaffold produced using
‘beam overlap’ technique (right). Adapted from [24].

Figure 16: SLM Octahedral unit cell (left) and scaffolds produced using octahedral unit cells (right).
Adapted from [187].

Section 1.1.1 for osseointegration. However they were then able to produce a hip augment with a

major pore diameter of 500 µm and a porosity of 65 % by adapting the results obtained from their

study, which lie within the optimal values outlined in Section 1.1.1. This work clearly shows that

the unit cell approach can be specifically tailored to match the desired properties for orthopaedic

implants in terms of porosity, however implants manufacturing using this method still suffer from

a number of drawbacks. Firstly, the computational design processes used can be very complex and

costly, as there are many factors that need to be considered when designing a unit cell structure

such as strut diameter, unit cell size, strut angle and powder adhesion [187]. Another issue with
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this method is that the structures are still much more uniform and regular than the stochastic

porous structure of human bone, and do not provide the preferable concave curved surfaces that

promote bone in-growth.

2.3.4.3 Minimal Surfaces

Minimal surfaces are a mathematical concept that arose from exploring what a surface bounded by

a given contour looks like when it has the smallest possible surface area [188]. Minimal surfaces are

characterised by having a mean curvature of zero at any given point on the surface, or the average

curvature spanning from any given point is equal in magnitude and opposite in terms of being

concave or convex, which visually can be described as a ‘saddle’ shape. It has been proven that

every simple closed boundary curve is spanned by at least one minimal surface. Triply periodic

minimal surfaces (TPMS) can be defined as minimal surfaces that have translational symmetries in

three dimensions [188]. There are a wealth of known TPMS, some examples of which are shown in

figure 17. A single unit cell of such a surface can be multiplied infinitesimally resulting in a smooth

continuous surface that forms a partition which creates two intertwined labyrinths, each being

continuously connected with no isolated cavities within the entire geometry [189]. This presents an

exciting opportunity for the production of porous implants where good interconnectivity between

pores is vital for osseointegration. Before the development of AM technologies, manufacturing such

complex geometries would have been virtually impossible, however in more recent years SLM has

been used to produce scaffolds based upon TPMS [189, 190].

TPMS have proven to be extremely versatile building blocks for producing porous scaffolds

where porosity can be controlled not only by the contour geometry chosen to generate the TPMS,

but also by varying the thickness of the surface whilst keeping the overall unit dimensions constant

[190]. By combining this method with SLM, Bobbert et al. were able to produce a wide variety of

Ti64 scaffolds with porosities ranging from 43−77 % and mean pore sizes ranging from 361−896 µm

[190]. Figure 18 shows the CAD images of the TPMS employed and the cylindrical Ti scaffolds

produced using SLM. This study shows that combining TPMS with SLM can provide an impressive

level of control over porosity. Also, the resulting scaffolds are fully interconnected and provide an

array of curved surfaces which are beneficial for osseointegration. As a result, scaffolds created

in this way are some of the closest in their structural properties to the requirements outlined in
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Section 1.1.1 out of all the methods discussed in this review. The only potential issue with this

method is the level of complexity involved in creating the initial surfaces and modifying parameters

such as surface thickness. Also, in vivo testing would be useful in order to determine which of the

more common TPMS promote the highest amount of bone in-growth.

Figure 17: Examples of known TPMS. Taken from [189].

Figure 18: CAD images of TPMS structures and cylindrical Ti64 scaffolds produced by populating
TPMS. Taken from [190].
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2.3.4.4 CT Scan Replication

Porous scaffolds have been produced with stochastic structure resembling human trabecular bone

by using data obtained from CT scans [191]. The scanned images were used to directly create a

replica of the bone section imaged, and alternatively an image of bone structure was used as a

unit cell that was stacked to produce a scaffold (Figure 19a. This is an accurate way of producing

scaffolds with a structure similar to human bone, however it requires access to a CT images of

bone which are not readily available. Also, the image had to be carefully altered to account for

limitations of the SLM process, such as minimum wall thickness that can be produced, and the

complex path that the laser has to follow leads to an increased build time. Therefore, although

this is a seemingly promising way to produce porous scaffolds, the procedure is complicated and

requires access to very specific resources and so there is still a need for alternative methods to be

developed that can simplify the process.

2.3.4.5 Bubble Generation

Porous Ti structures were produced by Wang et al. by blending Ti powder with Ti hydride (TiH2)

[192]. By using a high laser power (1000W ) and a low scan speed (20 mm/s) the laser deposited a

large amount of energy which caused the thermodynamic decomposition of the TiH2, releasing the

hydrogen gas which floated to the surface during solidification leaving open interconnected pores

in its path. The result was that a structure was created which had a porosity close to 70 % with

pore sizes ranging from 200 to 500 µm. The porous structure produced also more closely resembles

the stochastic nature of pores within trabecular bone (Figure 19b. The results of this work are

very promising; however, the drawback of this method is that the laser parameters have to be very

specifically controlled in order to ensure decomposition of the TiH2 and the right level of viscosity of

the melt pool. Small changes in the laser scanning speed in either direction resulted in insufficient

porosity being attained. Also, the laser power used is difficult to replicate as it significantly exceeds

the maximum laser power of most commonly available SLM machines.
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(a) (b)

Figure 19: Porous titanium scaffolds manufactured using SLM in conjunction with ‘CT scan repli-
cation’ (a) adapted from [192] and ‘bubble generation’ (b) adapted from [191].

2.3.4.6 Space-Holder Technique

More recently, Zhao et al. introduced the idea of creating porosity by combining SLM with the

space-holder technique using NaCl [193]. As investigated in Section 2.3.3, space-holder sintering

be used to produce porous Ti structures with very promising properties for implants, and NaCl

has been highlighted as an easily removable and effective space-holder material. Until this recent

work it had not been combined to SLM. Zhao et al. mixed Ti64 with NaCl at various volume

fractions prior to feeding the mixture into an SLM machine to build 3D structures and then the

NaCl was removed by dissolution in water leaving a porous Ti64 scaffold. Increasing the volume

fraction of NaCl lead to an increase of inter-connected pores and a decrease in the relative density

of the final parts. The resulting porous structures were highly stochastic and well interconnnected,

as shown in Figure 20, and so this method seems to present a promising way of producing porous

implants by SLM without complex computational design and laser parameter processing. However

the maximum level of porosity achieved was only 49 % by using a 60 % blend of salt in the feedstock,

and the salt particles had a mean size of only 150 µm which means that the pore sizes were probably

below the optimal region for implants, although no analyses of pore sizes is provided so it is difficult

to conclude. As layer thickness for SLM builds is often small (∼ 50 µm) in order to ensure sufficient

melting of the powder, the size of powder and space-holder particles is fairly restricted which means

that it could be difficult to achieve large pore sizes through this method. It was discovered that

less NaCl was removed during dissolution than was present in each of the initial volume fractions,
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suggesting that evaporation of NaCl occurred during the irradiation process. This is highly likely

as the boiling point of NaCl is 1465◦C and the melting point of Ti64 is 1604 − 1660◦C, therefore

for melting of the Ti to occur the temperature had to be raised above the NaCl boiling point. It is

possible that the evaporation of the NaCl during the SLM process caused collapsing of what would

have been pores which would explain why the relative density of the final parts produced was lower

than the initial volume fractions. This work emphasises a need for further understanding to be

developed regarding the behaviour of NaCl under laser irradiation. It is also possible that another

similar space-holder material could be used that has a boiling point above the melting point of Ti64

which could reduce the issue of evaporation. NaCl has many advantages as a space-holder including

solubility in water, low cost and reduced etching of metal during dissolution [194]. The low toxicity

of NaCl is also an advantageous property especially in the case of a biomedical implant as it can

be difficult to ensure that all the material is dissolved out [162, 195]. It is therefore important to

consider these properties when exploring alternative space-holder materials that are more suited to

the high temperatures that are reached in the SLM process.

Figure 20: Optical micrograph sections showing porous structure of scaffolds produced using the
SLM space-holder technique with NaCl. Taken from [193].
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2.3.5 Other AM Techniques for Producing Porous Ti

2.3.5.1 Sacrificial Scaffolds

The space-holder method was combined with 3D-printing technology by Ryan et al. who created a

sacrificial wax template using a 3D-printer and then poured a Ti slurry around the template before

heating to melt away the wax template. The remaining Ti structure was then sintered to produce a

stable Ti scaffold [196]. The resulting scaffolds achieved porosities of 66.8 %±3.6 % with a Young’s

modulus of 20.5±2.0 GPa and pore sizes ranging from 200 to 400 µm. The wax templates created

in this study were restricted by the maximum dispensing angle of 7◦ for the 3D-printer (Figure 21)

which resulted in the final mechanical properties and porosity of the scaffold being significantly

anisotropic. This is undesirable for implants, as outlined in Section 1.1.1.

Figure 21: CAD design used to 3D print sacrificial wax structure space-holder. Taken from [196].

A similar technique was employed by Lopez-Heredia et al. to produce highly porous CpTi

scaffolds [197]. To begin with, a porous cylinder was designed using CAD by cutting a series of

cylindrical channels that are perpendicular in three dimensions from an initial solid cylinder, as

shown in Figure 22a. The diameter of these channels provides the control over the pore sizes, and

in this study two implants were designed with 800 µm and 1200 µm. Sacrificial wax templates were

then 3D printed from the CAD designs, before a refractory material was cast around the templates

to create moulds. The wax was burned out and then the moulds were filled with melted Ti and

then quenched, before breaking apart the mould and cleaning off any remaining refractory material.
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The resulting mean pore sizes of the Ti scaffolds were 805 µm and 1142 µm, with both achieving

porosities close to 60 %. The results show that the resulting pore geometries matched closely the

initial CAD designs, meaning that it is possible to have a high level of control using this method

and that it is reproducible. However, it is explained that the reason for the larger than necessary

pore sizes that were created is that reducing the channel sizes below 600 µm is not possible due

to difficulties with adequately filling the mould with the liquid Ti. The other key issue with this

method is its complexity. The casting process involves several steps between printing the initial

sacrificial wax template and finally removing the refractory mould. Also, whilst the initial 3D

printed wax template provides a high level of customisation to the structure and geometry, both

the wax template and the mould are destroyed during each cycle to produce a single Ti scaffold

which make it an inefficient process. Therefore, whilst this adaptation is an improvement from the

work by Ryan et al. [196] in terms of the resulting structure, it still suffers from these drawbacks

that mean it is unsuitable.

(a) (b)

Figure 22: (a) CAD drawing used to 3D print sacrificial wax template and (b) resulting Ti scaffold
structure. Adapted from [197]

2.3.5.2 Material Extrusion

Material extrusion is an AM process typically used for thermoplastics, where the material is heated

and loaded into an extruder then fed through a nozzle to form tracks by the movement of the

extruder that combine to create a full layer of material, which solidifies through cooling or other
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means. The platform then drops, or the extruder is raised, and the process is repeated to form 3D

builds. The key parameters within the process are the layer height and extrusion nozzle diameter,

along with the merging between adjacent tracks and successive layers of material [28]. The original

material is typically in filament form (as with FDM), however there are examples of this process

being applied using powder based slurry type materials.

Li et al. developed a process referred to as ‘3D fibre deposition’, which is described as a process

where powder based slurry is deposited as fibres (tracks of extruded slurry), where fibre diameter,

spacing and orientation can be defined for each layer [21, 198]. This method has been used to

build Ti64 scaffolds with controllable pore sizes, porosity and interconnecting pore sizes. A viscous

Ti slurry was created by dispersing Ti64 powder (66 vol%) in a 0.5 % aqueous Methylcellulose

solution (34 vol%) which was extruded through a syringe nozzle of diameter 400 µm. The viscosity

of the slurry was optimised by altering the concentration of powder in the slurry in order to be

able to deposit uniform fibres but also to still achieve sufficient adhesion between successive layers.

Scaffolds with various levels of porosity were produced by altering the fibre spacing and orientation

patterns. After structures had been built by fibre deposition, they were dried out and then sintered.

Figure 23 shows the resulting structures that were produced.

By altering fibre spacing various structures were produced with mean pore sizes ranging from

160 to 680 µm and porosities of 39 to 68 %, which corresponded with the fibre spacing employed for

each build, showing clearly that the fibre parameters can be used to porosity and pore size. Pores

were well interconnected in every scaffold, with the highest level permeability measured for the most

porous scaffold with largest pore sizes. The scaffolds were tested in vivo by implantation within

goats and measuring bone formation into them over 12 weeks. No signs of toxicity or deviating

inflammation related to the implants were observed, concluding that the process and material are

biocompatible. The greatest amount of bone in-growth over the 12 week period was observed

within scaffolds with the highest measured levels of permeability and mean pore sizes of both 400

and 680 µm.

Whilst this method provides a high level of control over porosity, pore size and even scaffold

geometry (which is restricted by most other conventional porous Ti manufacturing routes), it does

suffer from a number of drawbacks. Firstly, as can be seen in Figure 23, the structures are highly

regular and anisotropic, and as such are not an accurate replication of the stochastic nature of
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Figure 23: Electron microscope images of 3D fibre deposited porous Ti structures with various fibre
configurations. ‘s’ denotes side view. Taken from [21].
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trabecular bone. Also, all of the pore surfaces are convex due to the fact that the deposited

fibres are cylindrical in shape. As explained in Section 1.1.1, convex surfaces do not promote

osseointegration as well as concave surfaces, which may explain how although some bone in-growth

was measured within all the scaffolds in this study, the amounts were all relatively low. Also, the

authors state that the fibre spacing can only be specified for each layer rather than being variable

within an individual layer, which means that porosity could only be controlled in one direction

and it would not possible to create concentric geometries with different levels of porosity using this

method. Despite these drawbacks this study presents novel and very promising techniques which

present scope for further development, in particular the creation a titanium powder suspended

slurry which can be directly 3D printed using material extrusion to achieve greater geometric

flexibility.

2.3.6 Methods of Producing Gradient Porosity

2.3.6.1 PM Space-holder Technique

Trueba et al. successfully produced CpTi cylinders with radially graded porosity by developing and

employing a custom sequential compaction device (Figure 24a) which enabled various mixtures of

Ti powder and space-holder particles to be combined within a single compaction process [199].

Using the custom device compacted powder cylinders consisting of 3 concentric layers, each with

a different % mixture of space-holder particles, were produced. NaCl and ammonium bicarbonate

(NH4HCO3) with mean particle diameters of 206 µm and 265 µm respectively were used as space-

holders in separate cylinders. Once the various mixtures of powders had been compacted, the

space-holder particles were removed by immersion in water at controlled temperatures for set time

periods, and then the cylinders were sintered.

Lower than expected porosities were observed within the most dense layer within each of the

cylinders, which was due to the difficulty of removing the space-holder because of the low inter-

connectivity of pores in this layer. Table 3 shows the final porosity and pore sizes achieved within

each layer of the Ti cylinders for both space-holder materials where the layers were created from

compacting powder mixtures with 20 %, 40 % and 60 % space-holder quantities. The final porosity

values achieved are very promising for orthopaedic implants, and the reported Young’s Modulus
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(8.3 ± 1.9 GPa) for the NaCl space-holder cylinder is also close to that of human cortical bone.

Arguably, however, the gradient of the layers should be the reverse of what was achieved in this

work in order to match that of human bone (a dense outer layer with a porous core), but this work

clearly shows that it would be possible to achieve this by simply altering which Ti/space-holder

mixtures are applied to which region within the compaction device. It was also noted in this work

that extreme differences in % space-holder between each layer cause non-homogeneous shrinkage

to occur during sintering, which increases damage at the layer interfaces. Therefore, whilst only

two grades of porosity are technically required to mimic cortical and trabecular bone, at least one

intermediate layer is required with space-holder quantity/porosity that bridges the gap between the

dense layer and highly porous layer in order to prevent this defect occurring in the sintering stage.

Within this process the geometry of the produced cylinder is restricted by the custom compaction

device that was created initially, which presents a huge drawback of this method when using it to

produce implants. In order to alter the geometry of the porous Ti structures to suit individual

applications, either significant post-processing would be required or a new custom set of die and

punches would be needed each time which would be impractical.

(a) (b)

Figure 24: (a) Custom powder compaction device and (b) cross section of Ti cylinder with 3 layers
of varying porosity. Taken from [199]

Porosity (%) Mean Pore Diameter (µm)

Space-holder Material NaCl NH4HCO3 NaCl NH4HCO3

Core 14.5 ± 1.5 16.8 ± 1.7 142 ± 69 94 ± 45
Section Inner 38.3 ± 1.2 23.7 ± 0.7 120 ± 49 75 ± 31

External 57.5 ± 2.1 54.1 ± 1.9 94 ± 29 62 ± 19

Table 3: Porosity and pore sizes of Ti cylinders with graded porosity. Adapted from [199].
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2.3.6.2 SLM

Li et al. were able to control porosity of SLM produced SS 316L samples by simply altering the

scan speeds within the build process, whilst keeping the other parameters constant [26]. Graded

porosity of 4− 35 % was obtained by varying scan speed from 90− 180mm/s. It is concluded that

the porosity is a result of the changes in melt pool characteristics. Increasing scan speed caused

a reduction in melt pool width and depth resulting in gaps forming between tracks and layers,

whilst also reducing the temperature which results in incomplete melting of the powder. Ti64

dental implants with graded porosity have been produced through DMLS by employing a similar

strategy [200]. In this work, rather than altering scan speed, laser power was decreased in order to

cause incomplete melting of the powder. By altering the power within a single build they were able

to produce implant scaffolds with a dense outer layer and a porous core, with a reduced Young’s

modulus of 35 GPa which is close to the values for Cortical bone discussed in Section 1.1.1. The

samples produced presented porosity that visually appears similar to bone in its stochastic nature,

however no measurements of pore geometries or values for overall porosity are reported.

These studies show that it is possible to produce different grades of porosity within a single

implant by altering laser parameters within a build. Although, the results achieved by Li et al.

produced levels of porosity well below the desired region for this application [26] which suggests that

this method alone is incapable of meeting the porosity requirements. This does however present

the opportunity to develop this idea further in future work, and possibly combine it with other

methods of producing porosity to enable further control over porosity.

Gradient porosity was created by Fousova et al. using the SLM unit cell approach [11]. Rhombic

dodecahedron unit cells were used to create cylinders with either a porous core or porous surface

layer. 62.1 % porosity and a Young’s modulus of 30.5 GPa were achieved by the structure with a

2 mm porous surface. These properties are encouragingly similar to those of cortical bone, however

the porosity is actually the inverse of structure of bone i.e. a highly porous outer layer and a dense

core as opposed to the dense outer layer of cortical bone and the highly porous core of trabecular

bone. Also, the dense part of the scaffold produced was actually completely solid, rather than having

a low level of porosity like cortical bone. No analysis of the size of the pores is provided. Li et

al. also produced functionally graded biodegradable porous scaffolds from pure iron using diamond
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unit cells [201]. Gradient porosity was achieved by altering the strut diameter throughout the

scaffolds within the design stage which created variations in density. Promising values of porosity

and pore sizes were achieved, however the mechanical strength of the scaffolds only matched that of

trabecular bone and were quite significantly below the values reported for cortical bone. Therefore

these implants would most likely be unsuitable for load-bearing applications, however were Ti64

used instead of iron then this method could be used to produce graded porosity implants with near

optimal properties.

2.3.6.3 Material Extrusion

Using the 3D fibre deposition technique as outlined in Section 2.3.5, Li et al. were also able to create

scaffolds with graded porosity [21]. As previously explained, it is possible to change fibre diameter,

spacing and orientation for each deposited layer. Gradient porosity was achieved in this study

by varying fibre spacing between 200 − 800 µm between layers, which resulted in a corresponding

range of mean pore size between 160 − 660 µm within the scaffold. The graded porous structure

is shown in Figure 25. The issues with this technique have already been explained, however this

study shows, along with the SLM methods overviewed in Section 2.3.6, how the versatility of AM

technology can be exploited to provide a solution to the problem of graded porosity.

Figure 25: Electron microscope images of 3D fibre deposited Ti structures with graded porosity,
created by altering fibre spacing. ‘s’ denotes side view. Taken from [21].

2.3.7 Summary of Porous Ti Manufacturing Methods

Table 4 provides a summary of the manufacturing methods explored within this section for pro-

ducing porous Ti structures, and assesses the suitability of each method against the requirements

45



of artificial orthopaedic implant material. Overall, a number of manufacturing techniques meet all-

but-one of the criteria (PM space-holder, various SLM techniques and 3D fibre deposition), which

with further development could provide optimal material for artificial implants.
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2.4 Structural Analysis of Porous Structures

As explained in Section 1.1.1 the porosity, pore sizes and interconnectivity of pores within or-

thopaedic implants are key properties in order to ensure adequate fusion between the bone and

implant whilst allowing fluid transportation and vessel in-growth. Therefore it is vital when man-

ufacturing porous implants to be able to accurately measure these parameters in order to asses the

material against the implant requirements.

2.4.1 Pore Size

2D cross-sectional analysis has been used as a method of measuring pore sizes [160, 179, 203]. It

typically involves cutting several slices through the porous material, taking an image of the sliced

surfaces and using image analysis software to measure the sizes of the exposed pores. This method

provides fairly limited information as the imaged slices may not be a fair representation of the pore

size distribution throughout the material. Also, it is unlikely that many pores within the sliced

surfaces will have been cut through the centre and therefore measurements of the pore diameter for

some pores are smaller than the true diameter. However it does provide a relatively straightforward

way to obtain pore size information and only requires access to equipment and software that are

commonly available such as optical microscopes and open-source imaging software like Fiji [204],

therefore can be used as a preliminary source of information but ideally should be followed up with

more detailed 3D analysis [205].

Computer tomography (CT) has been employed in some studies in order to perform 3D analysis

of pore size distribution [165, 169, 196, 206]. This technology takes 2D x-ray images of a sample as it

is rotated around 360◦, which are then combined using computational software to build up a full 3D

representation [207], an example of which can be seen in Figure 26. In order to differentiate between

materials it relies upon the presence of various levels of absorption, which is certainly true for porous

materials, and is therefore able to reproduce highly accurate computational representations of pore

distribution which can then be analysed using appropriate software. CT technology is able to

provide much more accurate and detailed information regarding distribution and morphology of

pores within a material than 2D cross-sectional analysis, and as such should ideally be used to

analyse pore sizes where possible. However, access to such equipment is often limited or expensive
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and therefore this is not always possible.

Figure 26: Examples of 3D computer generated representations of pores within a scaffold from CT
scan data. Taken from [165].

2.4.2 Porosity

Taking dry mass and volume measurements and comparing to the bulk density of the material is

the most straightforward method of calculating relative density and therefore porosity, which has

been employed in many previous studies. Archimedes’ method is another commonly used method

of calculating the relative density of a material. This method finds the volume of the object from

the volume of water displaced by immersing the object, and uses this to calculate the relative

density. This is done by simply weighing the object in air and in water and applying Equation 1

to calculate relative density.

ρr =

(
Ma

Ma −Mw

)
ρw (1)

Where ρr is the relative density, Ma is the mass of the object in air, Mw is the mass of the
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object in water and ρw is the density of water (1000kg/m3).

This method is advantageous as it provides a relatively straightforward means of measuring

density/porosity. However, this method is typically only suitable for entirely closed-cell porous

structures as it relies on the air trapped within the pores creating buoyancy and reducing the mass

of the sample when weighed in water. Therefore any pores that break the surface of the material

will allow water infiltration and cause erroneous results [207]. In order to apply this method to

open-cell structures with interconnected pores, the surface of the material must be first coated in

vacuum grease to prevent water infiltration within the pores [171, 195].

In some cases porosity has been measured using both Archimedes’ and 2D slice imaging and

found the results to be reasonably consistent between the two methods [160, 199, 208], however

there are a few results that are quite significantly different between the methods which highlights

the level of uncertainty that both present.

2.4.3 Interconnectivity

Some studies have used Archimedes’ method to calculate the level of isolated and interconnected

porosity [160, 161, 199, 202]. The method is applied to calculate the level of isolated porosity

within the material where the liquid cannot infiltrate. Combining this information with the total

porosity provides a value for interconnected porosity which is an insightful value particularly for

implant material as a high value suggests that fluid transportation and vessel growth is possible

throughout almost all of the implant. However this method provides no information regarding the

size of the connections between pores, which as explained in Section 1.1.1 has an influence on the

level of osseointegration that occurs.

2D cross-sectional imaging and analysis can be used to provide measurements of connecting

windows, however the drawbacks of this method have been previously outlined in Section 2.4.1.

CT scanning and 3D reconstruction can be used to analyse interconnectivity either by measuring

the size of connecting windows or the level of interconnectivity as a percentage, depending on the

capabilities of the software used to analyse the 3D reconstruction.

51



2.5 Mechanical Properties of Porous Ti

2.5.1 Young’s Modulus of Porous Ti

Whilst a significant emphasis is generally placed on porosity and structure in previous studies

aimed at manufacturing porous Ti implants, many studies in the literature have also assessed the

mechanical stiffness of the material by measuring the Young’s modulus. As previously explained in

Section 1.1.1, implant materials with Young’s modulus similar to that of the surrounding bone can

reduce the stress shielding effect, and in turn increase the life-span of the implant [34]. It is well

known that porosity within a material reduces the Young’s modulus, which presents the opportu-

nity to create porous Ti64 implants with a modulus close to that of human bone by controlling

the porosity. Whilst there exist models for calculating the Young’s modulus of porous materials,

most famously the Gibson-Ashby model [209, 210] shown in Equation 2, the relationship between

porosity and modulus remains vaguely defined and is significantly influenced by factors within the

manufacturing process and the geometry of the porous structure. However, Figure 27 has been

compiled to act as a reference guide that collects together the Young’s modulus and porosity of

porous Ti64 produced using various manufacturing methods as discussed throughout Section 2.3.

Er = C(1 − φ)n (2)

Or alternatively written:

Er = C(ρr)
n (3)

Where Er is the relative Young’s modulus (the ratio of the modulus of porous material to dense

material), φ is the porosity (%) of the material, ρr is the relative density, C is a constant typically

assumed to be equal to 1 and n is a constant with a value of around 2 which can be determined

experimentally. In the work of Cabezas-Villa et al., using data gathered from porous Ti64 scaffolds

produced by PM and comparing against the Gibson-Ashby model, they found that using n = 5

provided a much more accurate prediction of modulus against porosity [158]. The Gibson-Ashby

model predictions have been plotted in Figure 27b using both values of n to compare against the

data collected from the literature for porous Ti64.
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(a)

(b)

Figure 27: Graphs showing summary of Young’s modulus against porosity of porous Ti64 scaffolds
manufactured using various methods (a) and all methods combined compared with the Gibson-
Ashby model (b). Data collected from [158, 160, 161, 167, 186, 193, 196, 202, 211–213].
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(a)

(b)

Figure 28: Graph showing the natural log of Young’s modulus against natural log of relative density
for porous Ti64 manufactured using various techniques (a) and literature data for Young’s modulus
against porosity compared with Gibson-Ashby model using n value obtained from plot (a).
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Alternative models that approximate Young’s modulus of porous materials have been developed

in more recent years, including the Pabst-Gregorová exponential relations model [214] which is

shown in Equation 4. This model has also been plotted in Figure 27b.

Er = exp

(
−2φ

1 − φ

)
(4)

The modulus of porous scaffolds with similar porosities can also be impacted by a number of

manufacturing parameters such as the geometry of the unit cell used in SLM [211], the sintering

temperature and particle size used in powder metallurgy [158] and the geometry of a sacrificial

template used for space-holder casting [196]. This explains the level of scatter that is observed

within the data in Figure 27. Despite this the data all tends to follow an exponential trend. The

space-holder data points that lie significantly above the curve are from the work of Ryan et al. who

used a 3D printed wax template as a sacrificial space-holder [196]. These values can be explained

by the fact that the structures presented significantly anisotropic mechanical properties, and the

Young’s modulus presented here was measured axially, whereas their work found that the modulus

measured in the transverse direction was approximately 69.3 % lower.

For porosities between 60− 100 % the relationship between modulus and porosity is reasonably

linear and within this region can be approximated using Equation 5.

E = −0.0921φ+ 9.271 (5)

As is clear from Figure 27b, neither the original Gibson-Ashby model nor the Pabst-Gregorová

model provide a particularly accurate prediction for Young’s modulus values of porous Ti64 scaf-

folds. The adapted Gibson-Ashby model using n = 5 based on the work done by Cabezas-Villa et

al. provides a more accurate prediction, however between 40 − 90 % porosity it predicts modulus

values significantly below those recorded in literature. In order to obtain a value for the constant

n which is specific to the data set presented in Figure 27b obtained from the literature, Equation

3 can be manipulated to produce Equation 6 which presents the equation of a straight line.

ln(Er) = ln(C) + nln(ρr) (6)

55



By applying Equation 6 to the literature data for Young’s modulus at various porosity values,

and assuming that the constant C = 1 as previously stated forcing the line through the origin, a

value of the constant n can be extracted from the gradient of the line which for this data provides a

value of 2.8633 as presented in Figure 28a. This n value can then be substituted back into Equation

3 to provide a plot of Gibson-Ashby model theoretical values for Young’s modulus of porous Ti64,

as presented in Figure 28b. Whilst this plot provides more accurate predicted values of Young’s

modulus at higher porosities (> 60 %), it still fails to accurately predict these values when compared

against the exponential trendline plotted for the data. It is clear that modelling the relationship

between Young’s modulus and porosity presents significant challenges. This is in part a result of the

fact that the various models are often developed for specific types of porous/cellular structures and

therefore their accuracy is impacted by several parameters including pore connectivity/isolation,

strut geometry, curvature of surfaces and regularity of porous structure [215]. In addition to this, the

manufacturing processes themselves influence the mechanical properties of the material regardless

of the level of porosity due to the impact of the heat exposure on the atomic crystalline structure.

Thus it is virtually impossible to use modelling to accurately predict and design the porosity of

scaffolds in order to achieve a specific modulus value, unless a large data set is acquired for each

manufacturing process and porous structure. However, the collected literature data in Figure 27

as well as the Gibson-Ashby model with the calculated n constant value presented in Figure 28b

provide a useful baseline estimation for porous Ti64 scaffolds which can be used to optimise the

balance between porosity and modulus for this application.

All literature data modulus values beyond 60 % porosity are below ∼ 5 GPa, which is below

the range of human cortical bone. This presents a challenge in that to achieve the desired level of

porosity (60−80 %), an implant manufactured from Ti64 will almost certainly have a modulus below

that of cortical bone. However, the modulus values are still greater than that of trabecular bone

( < 0.5 GPa). In this case two options can be considered, one being to attempt to produce Ti64

implant material with gradient porosity where the porosity of the outer material is reduced in order

to ensure mechanical properties equal to that of cortical bone. The other option is to produce a

single grade of porous material with porosity within the optimal pore size range for osseointegration,

which presents sufficient mechanical properties for weight bearing applications. The challenge

presented here is that there is not currently sufficient data available to suggest what mechanical
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properties would be sufficient, which presents scope for further in-vivo testing to be conducted

using implant material with mechanical properties of Ti64 with porosity of < 60 % as presented

in Figure 2.5.1. The dangers of reducing the porosity of the outer implant material are that this

would likely have a negative impact on osseointegration and therefore the stability of the fixation

between implant and surrounding bone, resulting in greater chance of implant failure. Therefore,

it can be suggested that the primary concern with producing porous Ti64 implant material should

be to achieve suitable levels of porosity and optimal pore structure/interconnectivity, and then to

use methods of post-processing to improve mechanical properties to provide sufficient mechanical

strength for load bearing applications.

2.5.2 Yield Strength

Yield strength (σ) is also a key property when assessing implant material as it is important that

the implant is able to elastically deform up to at least the same level of stress as the surrounding

bone. The yield strength of Ti64 is known to be ≥ 828 MPa, and a range of values for cortical and

trabecular bone have been reported. Yield strength of bone varies with patient age and location

within the body, however the general range has been recorded as 100− 140 MPa for cortical bone

[35, 216, 217], and 75 − 100 MPa for trabecular bone [35]. Like Young’s modulus, yield strength

has been shown to vary with porosity [210]. Figure 29 shows a summary of yield strength values

against porosity for various porous Ti64 scaffolds from previously discussed literature.

Gibson and Ashby applied the same model as the Young’s modulus to predict yield strength of

porous materials, as shown in Equation 7.

σr = C(ρr)
n (7)

Where σ0 and ρ0 are the yield strength and density of the dense material, C is a constant again

typically assumed to be equal to 1, and n is a constant that can be determined. Cabezas-Villa et al.

observed that their data for yield strength against porosity matched closely to the Gibson-Ashby

model when a value of n = 5 was applied. This model was plotted against data gathered from

literature in Figure 29b using the value n = 1.5 as defined by Gibson and Ashby [210] and n = 5

as suggested by Cabezas-Villa [158].
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(a)

(b)

Figure 29: Graphs showing summary of Yield Strength against porosity of porous Ti64 scaffolds
manufactured using various methods (a) and all methods combined compared with Gibson-Ashby
models (b). Data collected from [158, 161, 167, 205].
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(a)

(b)

Figure 30: Graph showing the natural log of yield strength against natural log of relative density
for porous Ti64 manufactured using various techniques (a) and literature data for yield strength
against porosity compared with Gibson-Ashby model using n value obtained from plot (a).
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Neither of the n values presented in Figure 29b provide an accurate estimation of the yield

strength values when compared against the literature data, and therefore the same method was

applied as for Young’s modulus (Equation 6) so that a value for n specific to the data set gathered

from the literature could be obtained from the gradient of the straight line as presented in Figure

7. This was then used to plot the Gibson-Ashby model again (Figure 30b), which provides a much

more accurate estimation of yield strength at various porosity levels when compared against the

literature data. The model fit for yield strength is more accurate than for Young’s modulus (Figure

28b), which is likely due to the greater amount of scatter in the initial data for Young’s modulus

values at various porosity levels compared with the yield strength data, which then has an impact

on the n value obtained from the natural log straight line gradient. However, as is clear from Figure

29a, the yield strength of porous Ti64 structures is significantly dependent on the manufacturing

method used to produce them. As explained in Section 2.5.1 the mechanical properties of porous

structures are impacted by a number of parameters aside from porosity. The literature data suggests

that Ti64 with porosity of around 60 % and yield strength values similar to human cortical can be

produced by SLM (125− 130 MPa) [205], whereas PM space-holder produced Ti64 with the same

porosity resulted in yield strength values below that of even trabecular bone (22.6 − 53.4 MPa)

[167]. It should be highlighted that Figure 29 uses data collected from a limited number of sources

and potentially provides biased trends particularly for SLM and space-holder methods as the data

for each of these has been collected from a single study. However, as with the Young’s modulus

plots, Figures 29b & 30b provide a useful estimation of yield strength values for Ti64 with a given

level of porosity, which can be used along with the Young’s modulus plots to provide an idea of

mechanical properties of porous Ti64 if the porosity can be measured.

2.6 Gel Casting

Gel casting was first developed in 1990 at Oak Ridge National Laboratories as a way of overcoming

some of the challenges faced by injection moulding and slip casting [218]. The process involves

creating a slurry by dispersing ceramic or metal powder within a solution usually comprising of

water, a gelling agent (which when activated causes the slurry to form a high viscosity gel known as

the green body), and a dispersant (which causes the powder particles to separate in order to ensure

even distribution of the powder throughout the slurry) [218, 219]. The gelling agent is activated to
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initiate the gel formation either chemically (the addition a chemical catalyst/initiator) or thermally

[220]. The slurry is transferred to a mould where it gels to produce an in situ green body which

can then be removed and sintered to burn away the gelling agent and other substances and melt

the powder to form the solid part. Figure 31 presents the outline of the process.

Figure 31: Schematic outlining the gel casting process

2.6.1 Gelling Agents

Previously industry has been reluctant to adopt the use of gel casting as gels were primarily com-

posed of acrylamide which is a neurotoxin [218]. In response to this low toxicity gelling agents have

since been developed [218, 221, 222]. Cellulose ethers and their hydroxyalkyl derivatives have been

highlighted as water-soluble, non-toxic polymers that present a thermoreversible gelation charac-
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teristic [218]. Thermoreversible gel casting involves using a reversible polymer gel that behaves

as a low-viscosity slurry at a certain temperature and as a gel at either a raised temperature or

a reduced temperature. Powder is combined with the slurry in liquid form, which is then poured

into a mould cooled/heated resulting in the suspension of the particles within the gel. A number

of nontoxic polymers have been used to create thermoreversible gels including gelatine, agarose,

agar, carrageenans, methylcellulose, hydroxyethyl methylcellulose and hydroxypropyl methylcellu-

lose [218, 223]. Agarose has been considered a promising gelling agent as it quickly forms a strong

gel upon cooling [224]. A challenge that this can present is that the slurry suspension needs to be

heated prior to casting in order to behave as a fluid, which can lead to an increase in viscosity due

to evaporation of the water and results in difficulties when attempting to fill the mould. Therefore,

it is preferable to use a gelling agent that behaves as a fluid at room temperature and forms a gel

when heated.

2.6.2 Gel Casting Porous Ceramics

Initially gel casting was designed to produce dense ceramic parts, but has since been developed to

introduce porosity [223, 225]. Porous ceramics have been given great attention due to their range

of industrial applications including filters, membranes, catalyst support and thermal insulation, as

a result of their specific properties including low bulk density, high surface area and low thermal

conductivity [226]. Porous ceramic parts have been manufactured by gel casting using techniques

such as increasing gelling agent content [227, 228], decreasing the content of ceramic powder parti-

cles within the slurry (solid loading) [229], introducing air into the slurry via the foaming technique

[230, 231] and combing ceramic powder with a sacrificial space-holder that is removed either before

or during the sintering process [225, 232].

2.6.3 Stability of Powder Based Slurries for Gel Casting

The role of dispersants within gel casting slurries is essential for maintaining low slurry viscosity at

high solid loadings of powder, as well as preventing/reducing sedimentation of the powder particles

[225, 233, 234]. When developing porous silicon nitride structures through gel casting combined

with the sacrificial space-holder technique, Alem et al. investigated the effect of the concentration

additions of different dispersants within the slurries upon the sedimentation behaviour [225]. The
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results from this study show that some dispersants were more effective than others at preventing

sedimentation of the powder within the slurries, and it is suggested that the reason for this is linked

with the pH of the slurry and how this interacts with the charge of the particles and therefore the

ability of the dispersant to cause repulsion between individual particles. Figure 33 shows the

sedimentation heights of various slurry compositions from this work. The results suggest that all

the slurry suspensions were highly stable, particularly those which presented only a small amount

of sedimentation after 24 hours. It is worth noting that the particle size of the powder used in this

study was < 10µm, which will have contributed to the impressive stability of the suspensions.

Figure 32: Schematic outlining the foam gel casting process

63



Figure 33: Bar charts showing sedimentation heights of silicone nitride powder slurry suspensions
containing varying concentrations of different dispersants after 1 day.

Another study where dispersant addition was varied when producing porous HA scaffolds by gel

casting showed that simply increasing dispersant concentration within the slurry did not decrease

viscosity and sedimentation, but rather the work highlighted the importance of finding the optimal

dispersant concentration addition [234]. This work agrees with the results from Alem et el. (2014)

as presented in Figure 33 where it is clear that increasing the concentration of each dispersant

initially resulted in a reduction in sedimentation height, but further increases in concentration had

either no impact or actually resulted in an increase in sedimentation.

2.6.4 Foam Gel Casting

Gel casting can be combined with foaming to create porous green bodies by introducing air into

a slurry using a number of techniques including mechanical whisking, injection of gases, blowing

agents, evaporation or chemical reactions that produce gas [235]. In order to produce a stable

enough slurry for foaming, the gelling agent used to produce the solution must minimise sedimen-

tation of the suspended powder. The composition of the slurry and the loading of the powder

has to be carefully considered in order to produce a gel with sufficiently low viscosity to allow

aeration, whist also maintaining a self-supporting structure. Surfactants (or foaming agents) are

often used to stabilise the air bubbles within the slurry by reducing the surface tension between

gas and liquid [219, 235]. Surfactants are made up of two parts, one that is hydrophobic and the

other is hydrophilic. The hydrophobic part is repelled by the liquid whereas the hydrophilic part

remains attached to the liquid, which results in the surfactant being absorbed onto the gas-liquid

interfaces within the foamed slurry, preventing it from collapsing [235]. The foamed slurry can then
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be gelled to produce a green body and then sintered to form a porous structure. This technique has

been successfully employed to create porous ceramic scaffolds by gel casting for a number of years

[220]. Of the methods used to create porous ceramics using gel casting, the foaming technique has

emerged as a preferable method because the porosity can be controlled in a number of ways, as

outlined in Sections 2.6.4 - 2.6.4.

2.6.4.1 Effect of Surfactant Concentration and Foaming Time on Final Porosity

Kim et al. produced porous silica ceramics using foam gel casting, with a particular focus on the

effect of altering the concentration of the foaming agent (surfactant), sodium lauryl sulphate (SLS)

[230]. To begin with, the foaming time was increased and the resulting foam volume expansion was

measured. Using this information, it was determined that the acceptable foam expansion ratio for

this experiment should equal to two times the initial volume. As SLS concentration was increased,

the time taken to reach this expansion ratio decreased and the size of the bubbles formed within

the foamed slurry also decreased. This trend was observed up to a certain concentration where

both these values plateaued. It was also observed that the final pore sizes in the sintered samples

were significantly larger than the bubble sizes within the foamed slurry. As a result, structures of

65 − 70 % porosity, and controllable pore sizes between 50 − 70 µm were produced by increasing

SLS concentration. In addition to investigating surfactant concentration, Kim et al. also examined

the effect of foaming time on the volumetric expansion of the silica powder slurry and found that

increasing foaming time initially resulted in a correlating increase in slurry volume, but beyond a

certain point the slurry volume remained constant even upon further whisking, as shown in Figure

34 [230]. A very similar trend was observed by Jana et al. when producing porous silicone carbide,

as shown in Figure 35 [236].

Similarly, Deng et al. investigated the effect of altering foaming agent concentration, tri-

ethanolamine lauryl sulphate, when producing porous mullite ceramics [237]. Increasing the foam-

ing agent concentration from 0.025 to 1 % caused an increase in average pore size from 57 to 313 µm.

Smaller windows that connected the pores were observed above a surfactant concentration of 0.2 %,

and increasing the concentration from 0.2 to 1 % caused an increase in window size from 25 to

91 µm. Beyond 1 %, additional increase in foaming agent concentration had no effect on porosity

and pore sizes. This observation appears to contradict the findings of Kim et al. who observed a
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Figure 34: Graph showing foamed silica powder slurry volume expansion ratio against foaming
time. Taken from [230].

Figure 35: Graph showing relative density against foaming time of sintered porous silicone carbide
produced by foam gel casting. Taken from [236].

decrease in pore size when foaming agent concentration was increased. Kim et al. attribute the

presence of small bubbles at a higher foaming agent concentration to high slurry viscosity prevent-

ing coalescence of the bubbles into larger ones, however they provide no viscosity measurements so

it is difficult to assess the reliability of this explanation. It is known that greater viscosity results

in a smaller foamed volume [226], so it may be that the viscosity of the suspension in this case was

66



high, caused by a higher gelling agent concentration of 3.5 % polyethyleneimine and 1.2 % epoxy

resin compared to the 0.5 % Isobam gelling agent applied by Deng et al.. The concentration applied

by Deng et al. was selected by experimentally altering the concentration and measuring viscosity

of the slurry. On increasing concentration from 0.3 − 1 % the lowest viscosity was measured at

0.5 % and so this value was taken forward. On the other hand, Kim et al. provide no insight into

the selection of the gelling agent concentration used. Therefore, it seems likely that a difference in

viscosity caused by gelling agent concentration is the reason for the contrast in conclusions drawn

from these studies.

2.6.4.2 Effect of Solid Loading on final porosity

The effect of solid loading on the viscosity of the slurry and density of the final sintered part

produced by foam gel casting has been examined by several authors [226, 231, 236, 237]. Solid

loading is defined by the weight percent (wt%) of the ceramic powder compared to the weight

of the liquid component within the slurry. Increasing solid loading has been observed to cause a

decrease in porosity of the final sintered part (Figure 36) [226, 231, 236]. It has also been clearly

shown that increasing it results in an increase in viscosity of the slurry as shown in Figure 37

[226, 237], and so it has been suggested this increase in viscosity decreases the foaming capacity

of the slurry and therefore restricts the porosity and pore sizes of the sintered part [231]. This

was demonstrated by Sharifi et al. who investigated the effect of both solid loading and foaming

time simultaneously upon the foaming capacity of alumina powder slurries, and demonstrated that

greater solid loading results in a more restricted foaming capacity (Figure 38) [238]. These findings

show that solid loading could be used as a parameter to tailor the porosity of a component when

foam gel casting, however it should be altered cautiously it is possible that decreasing the solid

loading within the slurry could lead to excessive shrinkage during the drying/sintering processes. It

is important that the viscosity of the slurry remains within the required limits for gel casting when

altering solid loading [237]. Also, it is understood that greater solid loading improves the foamed

stability of the slurry, which helps to ensure the foam structure remains stable for long enough

for casting of the slurry [239, 240]. Using solid loading to control porosity is a method that has

been developed for metal powders for gel casting without foaming of the slurry, which is discussed

further in Section 2.6.6.
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Figure 36: Graph showing foamed slurry viscosity and relative density of final sintered foams against
solid loading for sintered porous silicone carbide produced by foam gel casting. Taken from [236].

(a) (b)

Figure 37: Viscosity against shear rate of foamed mullite powder slurries with various solid loading
percentages (a), taken from [237]. Viscosity against rotational speed of foamed and non-foamed
mullite slurries with various solid loading percentages (b), taken from [226].

Figure 38: Graph showing foamed slurry volume against foaming time for alumina powder slurries
with different solid loadings. Taken from [238].
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2.6.4.3 Starch Consolidation Technique for Creating Porosity

Starch consolidation is an adapted space-holder technique which involves using starch particles as

space-holders within a slurry mixture. Starch is insoluble in water below 50◦C so can be easily

mixed into a water based slurry, but when the temperature is raised the particles experience swelling

as they absorb water and they can then be burned out leaving behind open pores. Barea et al.

developed this method to produce porous mullite ceramics [241]. A slurry suspension was created

by mixing mullite powder in water with dispersants and a potato starch powder. Increasing starch

content from 15 − 55 wt% resulted in porosity of 47 − 76 % and a decrease in pore size from

42 − 30 µm. It is suggested that this decrease in size was due to less water being available to

each particle for absorption and so less expansion occurred at higher concentrations. Interestingly,

however, the original average size of the starch particles prior to mixing was 55 µm, suggesting that

the starch particles shrunk during sintering. No explanation of this is offered by the authors, but

if this is the case then starch actually offers no additional benefit as a space-holder to alternative

materials. Mao et al. developed a novel method of combining the foaming technique with starch

consolidation to produce porous silica ceramics [231]. Raising the surfactant concentration caused

an increase in foam volume up to a certain point when it plateaued and then began to slowly

decrease. This information was used to obtain the optimal surfactant concentration. It was observed

that foamed slurry had a higher viscosity than the original. By increasing the silica solid loading

from 62.9 − 71 wt%, porosities of 82 − 70 % were created. Pores of 3 different sizes were observed

in the sintered ceramics; 50 µm, 10 µm and small voids. The larger pores were attributed to the

trapped air bubbles in the foamed slurry and the medium sized pores were caused by the starch

particles. The medium pores proved beneficial as they formed windows in the walls between air

bubble pores, creating an interconnected pore network. Similarly to Barea et al., the pore sizes

formed by starch particles were slightly smaller than the initial particle sizes, again suggesting

shrinkage during sintering. Gong et al. applied this same method to produce porous mullite

ceramics [226]. Porosities of 73 − 86 % were achieved with pore sizes ranging from 150 − 200 µm.

Likewise to Mao et al., smaller windows in the pore walls were observed, forming connections

between pores, the formation of which are attributed to the removal of organic matter during

sintering. In this case no information on the geometry of the smaller windows is provided.
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2.6.4.4 Summary of Foam Gel Casting Processes

Foam gel casting offers the ability to not only produce porous components but also to tailor the

porosity by controlling a number of parameters. This, however, means that the composition of

the slurry must be carefully considered and significant preliminary testing is required to determine

optimal values for parameters such as solid loading, foaming agent concentration and foaming time.

The use of this technique to produce porous ceramic scaffolds specifically for biomedical implants,

and also how it has been adapted to produce porous metal scaffolds, is discussed in Section 2.6.6.

2.6.5 Metal Gel Casting

The primary application of gel casting has been producing ceramic components, with limited re-

search focusing on adapting this process for metals [242]. It has been suggested that this is due to

the wealth of alternative production methods available for metals, and because of the difficulties

associated with suspending metal powder with high densities in a slurry [219]. Li et al. investigated

methylcellulose (MC), hydroxyethyl methyl cellulose (HEMC) and hydroxypropyl methyl cellulose

(HPMC) as potential gelling agents for gel casting using metal powders [218]. The metal powders

used were course (30 µm) and fine (3 µm) iron powders, and the effect of powder size was analysed.

A defoamer, antioxidant and dispersant were also added to the water-based solutions. HEMC was

quickly disregarded because of concerns that its higher gelation temperature could cause excessive

oxidation and because of its low gel strength. The effect of solid loading of the iron powders and

the concentration of gelling agent were also investigated. It was discovered that the viscosity of the

solution increased as concentration of gelling agent is increased, particularly beyond 0.52 wt%. In-

creasing solid loading of the metal powder led to a weaker green body strength, and beyond 57 wt%

the green bodies were not strong enough to be removed from the mould. For HPMC it was shown

that increasing concentration improved the green body strength, which would allow for higher solid

loading of the powder leading to a higher final part density. However, this has to be balanced out

with the effect on viscosity of increasing HPMC concentration. The viscosity of a slurry must be

within certain parameters in order to effectively fill a mould. Therefore, an optimal concentration

of 0.39 wt% was concluded for both MC and HPMC. The MC solution displayed superior viscosity

to HPMC, but HPMC produced a higher green body strength. Both gelling agents are concluded
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to be suitable for the gel casting of metal powders, and the choice between them should made based

on the specific application. The viscosity of the solution was far greater when the course powder

was added than the fine powder, and interestingly, when a mixture of course and fine was used, the

viscosity was similar to the fine powder solution. As a result, the authors recommend using either

a fine powder or a mix of course and fine when preparing slurries with metal powders.

Figure 39: Images showing observed sedimentation of a SS 316L powder slurry over time. Taken
from [220].

Figure 40: Graphs showing measured sedimentation height of SS 316L slurries produced with
various solid loading percentages, using a MC solution concentration of 2 % (a) and 4 % (b). Taken
from [220].

Figure 41: Graphs showing viscosity against shear rate for different SS 316L powder slurries con-
taining various dispersant additions and solid loadings, mixed using both 2 % and 4 % MC solution
concentrations. Taken from [220].
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MC has been applied in more recent work as a gelling agent for producing SS 316L powder

slurries for gel casting [220, 243]. In the development of this process for SS 316L the stability of

the metal powder based slurry was investigated by observing the sedimentation height (Figure 39),

and the sedimentation height was measured over time for various slurry compositions as shown

in Figure 39. The results show that it is possible to produce stable suspensions of a high density

powder such as SS 316L, which is very promising for further development of this process for other

metal powders. By increasing the solid loading within the slurry up to as high as 60 %, highly

stable slurries were achieved which showed no observable sedimentation over 250 hours, even when

a MC solution concentration of only 2 % was used within the slurry. The impact of various slurry

composition parameters on both the stability and viscosity of the slurries was investigated, and

Figure 41 presents graphs that show the viscosity of the slurry mixed with both 2 % and 4 %

MC solution concentrations, and with different solid loadings of powder as well as varying wt%

additions of the dispersant. The development of this work is discussed further in Section 2.6.6.

2.6.6 Manufacturing Porous Implants using Gel Casting

Much of the research on using gel casting to produce porous scaffolds for biomedical implants

has focused on hydroxyapatite (HA) and related calcium phosphates as implant materials because

of their high biocompatibility and similarities to bone in composition [244–246]. However, a few

studies have also aimed to produce porous Ti scaffolds using different gel casting techniques.

2.6.6.1 Space-Holder Metal Gel Casting

Erk et al. were able to produce porous Ti components using thermoreversible gel casting with pore

sizes ranging from 30 − 70 µm and porosity of 4 − 44 % [242]. Poly(methyl methacrylate)–poly(n-

butyl acrylate)–poly(methyl methacrylate) (PMMA–PnBA–PMMA) was the copolymer dissolved

into 1-pentanol at a concentration of 7 % to produce the gel. Two different space-holder mate-

rials were used to produce pores; chromatographic grade polypropylene beads and poly(methyl

methacrylate) beads. The geometry of the pores produced closely matched the geometry of the

space-holder applied. Based on previous work the assumption was made that particle sizes of

the metal powder would have to be kept at <5 µm in order to ensure suspension of the powder

within the gel solution. With particle sizes this small, the level of oxidation that would occur on
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the surface of each Ti particle would introduce a large level of oxygen into the gel which would

deteriorate the mechanical properties of the final sintered structure. Therefore, TiH2 powder was

used to avoid oxidation. Once the powder and gel were mixed at an elevated temperature, the

solution was poured into a mould and cooled. It was then removed from the mould, sintered at

a low temperature (<400◦C) to remove the copolymer and space-holder, then sintered at a high

temperature (1000◦C) to cause the decomposition of the hydride and sinter the Ti particles, and

then left to cool. Whilst this study shows that gel casting combined with the space-holder technique

can produce porous components, the porosity and pore sizes produced are significantly below the

optimal values for biomedical scaffolds. However, this work does clearly show that gel casting can

be adapted to produce Ti components by using a non-water-based gel solution.

2.6.6.2 Gel Casting Porous Ti by Reducing Solid Loading

Porous Ti scaffolds have been produced by altering the solid loading of Ti powder [13, 247, 248].

Yang et al. achieved porosity range of 38.34 %− 58.32 % and pore sizes of 5− 102 µm. Mechanical

properties of the scaffolds were also tested and the Young’s modulus ranged from 7−25 GPa, which

are within the regions discussed in Section 1.1.1 for human bone [13]. The slurry used in this study

consisted of a monomer (acrylamide), a cross-linker (N, N’-methylene-bisacrylamide), a catalyst (N,

N, N’, N’-tetramethylethylenediamine) and an initiator (ammonium presulphate) all dissolved in

deionised water. Ti alloy (Ti-Co and Ti-Mo) powders were added at controlled solid loadings along

with a dispersant (Oleic acid). The average particle sizes of the Ti-Co and Ti-Mo powders were

identified as 46.6, 39.5 and 10 µm respectively. Porosity was controlled by altering the monomer

content and solid loading of Ti alloys so that the monomer acted as a space holder which was burnt

out to leave behind pores. Using a very similar technique and slurry composition, Yang et al. also

produced porous scaffolds from Ti-Mo and Ti-Nb alloys with porosity 39.15 − 49.66 % with pore

sizes 5 − 120 µm and Young’s modulus 5 − 18 GPa [247]. Li et al. applied this same method

to produce porous scaffolds using Cp-Ti powder (46.6 µm average size) [218]. By optimising the

sintering process, porosity of 46.5 % and Young’s modulus of 8.5 GPa were achieved, however no

analysis of the pore sizes is reported. Whilst the porosities and Young’s moduli achieved in these

studies appear promising, the pore sizes produced using this method are mostly below the optimal

sizes discussed in Section 1.1.1. Oxidation on the surface of the Ti particles prior to dispersing in
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the slurry was not a concern when using the method outlined by Yang et al. [13]. This was because

the composition of slurry solution allows for larger particle sizes to be used which significantly

reduces the surface area and the amount of oxygen imported by the particles. In addition to this,

the Oleic acid used not only acted as a dispersant, but also prevented oxidation of the metal powder

within the water-based slurry.

2.6.6.3 Metal Foam Gel Casting

Pore size is one of the most important factors to consider when designing porous components for

specific applications [230]. Alternative manufacturing methods used to produce porous Ti scaffolds

using gel casting have struggled to increase pore size to the values desired for bone in-growth within

orthopaedic implants. It has been outlined previously that foam gel casting is able to produce

ceramic parts with high porosity and large pore sizes (up to several hundred micrometres) [223].

Using foam gel casting, porous HA scaffolds have been produced with pore sizes and connecting

window sizes of 150 µm and 10 − 80 µm [246]. Also, Potoczek et al. were able to produce HA

scaffolds with pore sizes of 250−900 µm and window sizes of 25−250 µm [244]. In this study agarose

was employed as the gelling agent, and gelation was initiated by cooling the foamed slurry from

the foaming temperature of 60◦C to 15◦C and then drying at room temperature before sintering.

The high level of porosity was achieved by dissolving the initial agarose solution at a temperature

of 121◦C under overpressure of 1.4 bar [224]. This allowed for complete dissolution of the agarose

whilst maintaining a lower viscosity than solutions prepared by simply heating, allowing a larger

foaming capacity of the slurry. These studies show that the foam gel casting technique can produce

ceramic scaffolds with large pore sizes suitable for biomedical implants. HA has a similar density

to that of Ti64 which suggests it should be possible to develop methods that are able to produce

porous Ti64 scaffolds with high levels of porosity.

Gel casting is an easily adaptable process for use with new materials [221], and the combination

of gel casting and foaming has been adapted to produce porous metal in more recent years [220,

243]. Lin and Kennedy successfully developed a method for producing porous SS 316 L using this

technique [243]. The composition of the slurry used to produce the structures was extensively

optimised in previous work [220]. Methylcellulose (MC) was used as both a suspending agent and

gelling agent, and a polyacrylate dispersant (Darvan 7-N, Vanderbilt Minerals, Norwalk CT) was
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Figure 42: Density and pore size against slurry whisking time for sintered porous SS 316L produced
by foam gel casting. Taken from [243]

added to prevent agglomeration of the powder particles. SS 316 L powder, with average particle

size of 9 µm, was dispersed in the slurry. The porous structures were created by mechanical

whisking of the slurry to introduce air, along with the addition of a surfactant (Triton X-100, Dow

Chemicals) to activate bubble formation. It was discovered that the pore sizes of the sintered

structures were larger when the aeration time was increased (690 and 900 µm for 2 and 10 minutes

whisking respectively), however the same relationship discussed in Section 2.6.4 was observed where

a greater increase in porosity and pore size was observed with initial increase in whisking time,

but then beyond a certain point (around 4-6 minutes) these values plateaued with further whisking

(Figure 42). The density of the structures increased by 15 − 25 % during the sintering process.

The pores were connected by smaller windows that formed in the walls separating the pores, and

the window sizes were also observed to increase with aeration time (210 and 482 µm for 2 and 10

minutes whisking respectively). By increasing aeration time from 2−10 minutes, the porosity of the

sintered structures increased from 82 to 88 % and Young’s modulus decreased from 7.8 to 3.6 GPa.
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No information regarding the stability of the foamed slurry is provided as it was transferred into

moulds and placed in an oven to gel immediately after whisking, however it is suggested that the

presence of interconnecting windows between adjacent pores is a result of the instability of the

foamed slurry as the bubbles within the slurry begin to coalesce through thinning and rupture

of the cell faces [243, 249]. The sedimentation of the powder particles within the slurry prior to

foaming was investigated in the previous work where the gel casting procedure was developed for

SS 316L [220], as discussed in Section 2.6.3.

Figure 43: SEM micrographs showing pore geometry for steel samples producing using foam gel
casting. Taken from [243].

The combination of larger pores and smaller windows observed in this work could prove to be

a beneficial characteristic for a biomedical implant. As discussed in Section 1.1.1, human bone

contains a variety of pore sizes, and so replicating this in a scaffold could further promote bone

in-growth. This work shows clearly that gel casting combined with slurry foaming can produce

highly porous scaffolds from metal powders, with desirable pore geometries for this application. It

should be possible therefore to replicate this process for other metals such as Ti, and achieve the

ideal levels of porosity discussed in Section 1.1.1 for the promotion of bone in-growth. Lin and

Kennedy observed a dense surface layer around the outside of the green bodies when removed from

the various moulds they were cast in [243]. It is likely that this is due to the slight expansion of the

foamed slurry during casting, compressing it around the outside layer of the mould and causing a

dense skin surrounding the porous inner structure. In this case, the outer skin had to be removed

before analysing the samples. The use of a mould to produce the desired geometry restricts this

process, particularly for the application of orthopaedic implants implants where geometry needs to
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be tailored to specific applications, meaning that a new mould must be produced each time.

2.6.7 Combining Foam Gel Casting and Material Extrusion

As described in Section 2.3.5, the material extrusion AM process has been applied to powder based

slurries in the form of ‘3D fibre deposition’ to produce porous Ti structures. A similar process was

developed by Muth et al. to 3D print highly porous ceramic structures [250]. The slurry (referred

to as ‘ink’) used in this study was mixed using fine alumina powder (∼ 300 nm particle size),

de-ionised water and sodium hydroxide as a gelling agent along with other components to make the

powder hydrophobic and strengthen the printed structures. The slurry was mechanically whisked

to introduce air bubbles resulting and then the foamed slurry was extruded using syringe pump

and a custom-built 3D printer. The structures were dried and then residual chemicals removed

by burnout before sintering. Unit-cell structures were printed using the foamed slurry (Figure 44)

with geometric porosity of 62 %, and the extruded struts themselves contained porosity of ∼ 80 %,

resulting in an overall porosity of ∼ 94 % for the final structures. The porosity within the struts was

entirely closed-cell, allowing it to be measured using Archimedes’ method as described in Section

2.4.2. The authors of this work conclude that it should be straightforward to adapt this process

for other ceramics and metals to produce either open or closed cellular materials.

In both of these instances the main porosity of the structures was produced by the lattice

deposition arrangement of the tracks (‘fibres’ or ‘struts’), and as highlighted in Section 2.3.5 the

porous structures are not necessarily optimal for orthopaedic implants, particularly compared with

those achieved through foam gel casting. Therefore there is significant potential scope to adapt

the process developed by Lin and Kennedy [220, 243] in order to produce highly porous Ti, and

combine this process with material extrusion in order to make the geometry of the structures more

customisable by removing the need for a mould. This method could provide a novel way forward

for manufacturing porous Ti implants with specifically tailored porosity as well as geometry.

Most commercially available 3D printers are filament based, however, more recently models

have been developed that allow the option to switch the tool head to perform other functions

including paste extrusion [251]. Amza et al. developed an extrusion toolhead that can act as a

direct replacement for a conventional thermoplastic extruder in a desktop FDM machine [252].

The custom toolhead includes a range of nozzle sizes between 0.15 and 1.54 mm, and was able
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Figure 44: 3D printed porous ceramic hexagonal unit-cell structures printed using foamed alumina
slurry. Taken from [250].

to produce simple 3D structures from a range of paste materials including silicone, dental gel

and a cement mixture 45. The study highlights the wide range of potential applications for this

technology, particularly within the medical and food sectors, as well as the lack of commercially

available systems that offer this functionality. The limitations of this system include the lack of

capacity for generating support structures, which means that only geometries with limited overhang

can be produced. The authors highlight this limitation, and state that future research will aim to

develop a hybrid system where thermoplastic support structures can be deposited in conjunction

with the paste extrusion toolhead.

The ZMorph 2.0 3D printer is a commercial grade printer that provides this functionality using

a motorised syringe pump (Figure 46). This function is primarily recommended for printing foods
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Figure 45: Simple 3D structures deposited using various paste-like materials through a bespoke
extrusion toolhead developed to replace conventional FDM toolhead. Taken from [252].

such as cream cheese, chocolate spread and pâté [253]. There are also examples of this function

being used to print other premixed solutions, with a viscosity within the recommended range of

20, 000 − 70, 000 mPas [254]. ZMorph 2.0 also offers the ability to print on a heated bed, which

should enable the user to print slurry containing thermally activated gelling agents that will gel

once deposited, allowing for more complex shaped green bodies to be produced without the need for

a mould. The viscosities of the foamed slurry mixtures produced by Lin and Kennedy are below the

recommended range for thick paste extrusion, however, it is clear from the literature covering porous

ceramic gel casting that there are a number of ways to increase viscosity of a slurry. If foamed Ti64

slurrys could be created that have a viscosity suitable for printing with a paste extruder, whilst also

producing sintered scaffolds that achieve the desired porosities for implants, this would provide a

completely novel process capable of addressing the challenges outlined in Section 2.9. The effect

of extrusion through the nozzle on the porous structure would have to be carefully monitored to

ensure that the resulting structures maintain the same porosity characteristics as when they are

simply poured into a mould.
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(a) (b)

Figure 46: ZMorph thick paste extruder toolhead (a) and toolhead being used to extrude decorative
chocolate (b). Taken from [253].

2.7 Mathematical Modelling of Drying Behaviour of Thin-Layer Solids

There has been a growing interest in modelling the drying behaviour of solids over the past century,

particularly within the area of thin-layer drying of fruits and vegetables for preservation purposes

as well as across a range of applications across the agricultural, manufacturing, paper, polymer,

chemical and pharmaceutical industries [255]. The primary focus of such models has been the

moisture content of the material over time during the drying process, the oldest and most basic

of which was developed by Lewis [256] which is presented in Equation 8. Several factors affect

the drying rate of thin-layer materials including air velocity, drying temperature, size and shape of

material, and the relative humidity. The most influential of these have been identified to be drying

temperature and material thickness [257–260]. Drying behaviour models can be used to predict

moisture content over time, as well as energy consumption and heat and mass transfer throughout

the drying process [261]. The various models that have been developed and adapted over the past

century have been used in the calculation for design of drying systems, in order to optimise the

drying process both in terms of drying time as well as energy consumption [255].
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2.7.1 Thin-Layer Drying Models and Classification

Thin-layer drying models can be categorised into three classifications; theoretical, semi-theoretical

(or semi-empirical) and empirical. Empirical and semi-empirical models rely heavily on experimen-

tal data, but as such provide more accurate predictions of drying behaviour than theoretical models

by making fewer assumptions [255]. As a result, these categories of models have been the most

commonly applied to thin-layer drying of fruits and vegetables. These models are based on assum-

ing isothermal conditions, as well as a number of other assumptions including the material being up

to a few particles thick, evaporation only occurring at the surface of the material and temperature

distribution throughout the material being uniform [262]. In general, semi-empirical models can

be split into two sub-sections; models built upon Newton’s law of cooling, and models build upon

Fick’s second law of diffusion [260, 262]. The Lewis model (often referred to as the Newton model)

is derived from Newton’s law of cooling, and is described as the most simple semi-empirical model

because it contains only one model constant, as presented in Equation 8.

MR = exp(−kt) (8)

Where k is the drying constant (s-1), MR is the moisture ratio (the ratio of the mass of water

removed from the sample to the initial mass of water within it) at a given time t (s). The Page

model (often referred to as the Modified Lewis model), was developed from the Lewis model which

introduced a dimensionless empirical constant (n) in order to reduce the errors associated with this

model, as presented in Equation 9.

MR = exp(−ktn) (9)

These two semi-empirical models that are derived from Newton’s law of cooling have been

widely applied to thin-layer drying of a range of fruits and vegetables including melon, green bean,

kiwifruit, mango, onion, pumpkin, quince, starfruit, red chili and strawberry [263–274], with the

Page model being found generally to be the most suitable for describing the drying behaviour. In

addition to the Lewis and Page models, there exist three versions of the Modified Page Model (I,

II and III) [262] as well as a range of over twenty other adapted versions of these models with
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varying levels of complexity which have been developed to describe the behaviour of specific thin-

layer materials [255, 260]. Empirical models are those which are derived wholly from experimental

data, without being built upon specific fundamental drying principles. These include models such

as the Weibull Model, Wang and Singh Model, the Thompson Model and the Kaleemullah Model

[275–278]. These models, whilst having been applied to the drying behaviour of thin-layer fruits

and vegetables, are less commonly used due to the limitations outlined in Section 2.7.2.

Figure 47: Newton (referred to as ‘simple’) and Page drying behaviour models applied to experi-
mental data gathered from the drying of thin-layers of peas. Taken from [279].

Figure 47 shows both the Newton and Page models applied to experimental data gathered

from drying thin layers of peas which is taken from Senadeera et al. [279]. This work concluded

that both models could be applied to adequately predict the drying behaviour of various thin-layer

vegetables, however the Page model provided a more accurate prediction. Da Silva et al. analysed

the statistical fit of five different drying models (including semi-empirical and empirical) applied

to the drying data obtained from drying whole bananas [280]. This study concluded again that of

the existing models analysed the Page model provided the best statistical fit, as well as developing

a new adapted model which produced similar accuracy to the Page model. Similarly, Kumar et

al. applied the Lewis, Page, Fick’s and Modified Page III models to experimental data gathered

from the drying of onion layers and concluded that the Modified Page III model provided the best

statistical fit [281]. The predicted drying behaviour plotted against the experimental data from
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this study is presented in Figure 48. As is clear from Figures 47 & 48, once the most suitable model

has been identified these semi-empirical models are able to provide accurate predictions of drying

behaviour.

Figure 48: Modified Page III drying behaviour models applied to experimental data gathered from
the drying of thin-layers of onions. Taken from [281].

2.7.2 Selection of Thin-Layer Drying Behaviour Models

Across the extensive range of studies in this area covering a wide variety of different fruits, vegetables

and crops, there is no identifiable single model that provides the best universal prediction of drying

behaviour, rather each study identifies the model which is the most appropriate for the specific

application [255]. In general, the semi-empirical models derived from Newton’s law of cooling and

Fick’s second law of diffusion provide the best fit against experimentally gathered data for the thin-

layer drying of fruits and vegetables. However, as previously specified, this covers a range of over

twenty models with varying degrees of complexity. Therefore a suitable model must be selected

for each application based upon the experimental data available, however the less complex models

including Lewis, Page and the various Modified Page models have all been successfully applied to a

wide range of experimental data to produce accurate predictions of drying behaviour, and as such

these can be all be recommended. Some empirical models have been demonstrated to be suitable,
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however these models are generally limited in their ability to describe drying behaviour due to

the fact that they are built entirely from experimental data and not derived from fundamental

principles [255].

2.7.3 Thin-Layer Drying Models and AM Processes

The thin-layer drying behaviour models discussed in this section have potential to be applied to the

development of AM processes, specifically processes such as material extrusion whereby material is

deposited in layers upon a heated platform and dried. The drying rate and moisture content of each

deposited layer of material, as well as the impact of the initial platform temperature on the drying

of each layer, are all important factors to consider when designing such processes. The thin-layer

models are built upon certain assumptions as highlighted in Section 2.7.1, most importantly that

the layer is sufficiently thin so that the temperature throughout the material can be considered to be

uniform [260, 262], as as such it is suggested that the material being dried should not exceed three

particles in thickness [255]. In addition, these models assume the drying process to be isothermal,

or at least that period of time the material takes to reach the drying temperature is negligible

compared to the overall drying time [262]. For most material extrusion processes this is unlikely

to be the case, with layer heights typically starting at 0.1 mm, and therefore the time taken for a

layer of extruded material to reach the drying temperature is unlikely to be negligible compared to

the overall drying time. However, the work conducted by Da Silva et al. showed that various semi-

empirical drying models provided an accurate prediction of the drying behaviour of whole bananas

(with an average diameter of around 30 mm), which clearly demonstrates that these models are not

simply limited to true thin-layer applications. Therefore, it can be suggested that there is scope

for these models to be applied to the development of material extrusion AM processes which rely

on the drying of layers of deposited material.

2.8 Knowledge Gaps and Future Research

2.8.1 Developments in AM for Medical Applications

As explored in Section 2.2 there has been a wide range of research around how AM can contribute to

solving the variety of complex issues faced within the medical sector. As discussed, many of these are
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still in development, although there are a number of areas where AM has been established including

the use of SLS and SLA for manufacturing hearing aids with patient-customised geometries and the

production of porous coated acetabular cups using EBM. Aside from this there has been significant

progress in the dental market, particularly with the FDA approval of SLA resin produced by Dentca

for the manufacture of 3D-printed dentures, along with successful in-vivo studies of SLS fabricated

titanium dental implants. AM fabricated surgical models and guides have been used to assist with

various surgical procedures, and their benefit has been demonstrated, however the use of such

models is still not widely implemented. The limited adoption of AM technology despite the wealth

of ongoing developmental research can be explained by the fact that most of the technology is still

relatively young, and there are necessary long and thorough procedures that have to be followed

before new developments can be approved and implemented in the medical sector. Therefore, there

is plenty of opportunity for the continued development of the application of AM in many areas

within this sector, including the need for in-vivo testing in order to meet the necessary requirements

in order to achieve official approval. In addition to this there is a clear need for the development

of additional biomaterials suitable for AM.

2.8.2 Methods of Manufacturing Porous Ti for Orthopaedic Implant Material

As outlined in Section 2.3, various methods of producing porous Ti have been explored with some

methods producing material more suitable for orthopaedic implants than others (as summarised in

Table 4). Porous Ti can be produced using basic PM techniques including loose sintering, space-

holder technique and hollow particle sintering. Levels of porosity achieved through loose sintering

are generally limited to levels well below what is required for orthopaedic implant material (pore

sizes < 100 µm), however the other PM techniques have succeeded in producing the desired levels

of interconnected porosity and pore sizes. The space-holder PM technique in particular offers a

relatively straightforward method for producing porous Ti, however the best results have been

observed when the Ti powder and space-holder particles have been compacted together rather than

simply mixed [170]. As outlined, this method is restricted in terms of the geometric flexibility due

to the need for a mould and die system for the compaction of the powders.
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2.8.3 AM and Porous Ti

AM clearly presents the potential to meet the requirement for geometric flexibility when manu-

facturing patient-specific orthopaedic implant material. SLM is an especially promising technique

even compared with other AM processes due to the fact that the residual powder in the build

chamber acts as support meaning that support structures are not required, and therefore virtually

any geometry can be achieved. As discussed in Section 2.3.4, various methods have been employed

to produce Ti scaffolds with specifically controlled levels of porosity using SLM, with the most

impressive structures being achieved through the application of TMPS and the replication of CT

scanned trabecular bone structure. Whilst the results using these methods are very promising, the

processes required to achieve them are extremely time and cost-intensive and therefore not easily

replicable. The SLM space-holder technique developed more recently by Zhao et al. offers a more

straightforward route to producing porous Ti scaffolds using SLM [193], however further process

optimisation is required to develop this method in order to achieve the desired levels of porosity and

pore sizes, as well as experimenting with alternative space-holder materials that can be exposed

to the high melting temperatures of Ti64 without evaporating and resulting in the collapsing of

pores. Currently SLM technology is restricted by high cost of the equipment (£250,000 +) as well

as lengthy build times and requirement for high-skilled operators, however this technology offers

very promising capabilities for solving complex issues within the medical sector and beyond. The

cost of SLM technology highlights the demand for the development of alternative low-cost and

user-friendly AM technologies for the production of complex metal parts. Recently metal-polymer

composite FDM filament has become commercially available for SS 316L [282], however the choice

of metal FDM filaments available is still very limited. SLA technology could offer substantial scope

for the production of metal components if stable metal powder resin suspensions were to be devel-

oped, however to date there have been no significant developments in this area. Overall there is

clear demand for AM technologies to be developed in order to offer the ability to produce complex

metal parts more readily, and there is no doubt that this will be area of significant investment in

the near future.
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2.8.4 Foam Gel Casting and Porous Ti

Foam gel casting has proved a highly successful technique for producing porous ceramic scaffolds for

biomedical applications, however there is clearly still significant scope for developing this technique

to produce porous metals which has only been achieved recently for SS 316L [220, 243]. This

presents the opportunity to adapt this method to Ti alloys that are a popular choice of implant

material. However, as highlighted in Section 2.6.6, this method is restricted by the need for a mould

to produce desired geometry, whereas implant geometries need to be specifically tailored to their

individual applications. 3D fibre deposition is a technique that has been developed which is able

to directly print porous structures through extruding a powder based slurry for both alumina and

Ti powders (Sections 2.3.5, 2.3.6 & 2.6.7). Porosity has been typically achieved by increasing the

spacing between deposited ‘fibres’ (or tracks), or by depositing the tracks to form a unit-cell type

structure. Fibres containing nano-scale porosity have been produced by mechanically whisking

the slurry [251], however this has not been scaled up to extrude slurry tracks that themselves

contain micro-scale pores. This presents the opportunity to combine this concept with foam gel

casting to create a novel method for producing porous Ti scaffolds with tailored porosity suitable

for orthopaedic implant material. If foamed Ti powder slurry could be deposited using a 3D printer

with a syringe toolhead, with the gelling agent within the slurry being activated upon deposition,

the need for a mould could be removed and individually tailored scaffolds could be easily produced

directly from CAD data.

2.8.5 Manufacturing Implants with Gradient Porosity

There has been limited research into creating implant scaffolds with gradient porosity, despite it

being well known that bone is made up of two grades of material that each present significantly

different porosity and properties, as outlined in Table 1. Two of the studies discussed in this review

were able to produce implants with a combination of fully dense material and porous material

[11, 200]. Also, other studies have been able to produce structures containing different grades of

porosity using a variety of methods including the space-holder technique combined with a multi-

die compaction system [199], SLM and DMLS either through altering laser parameters within the

build process [26, 200] or the unit cell geometry method [201], and 3D fibre deposition by con-
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trolling fibre spacing for each deposited layer [21]. Each of these methods suffer from different

drawbacks and complications, which are outlined in detail in Section 2.3.6. In addition to this, it

is not clear whether gradient porosity is actually optimal for orthopaedic implants, and therefore

it is recommended that a hybrid implant material which presents the high porosity of trabecular

bone combined with the mechanical properties of cortical bone is more suitable. Impressive os-

seointegration has been observed within highly porous Ti scaffolds in a number of studies, and it

could therefore be suggested that creating a more dense outer structure would actually inhibit bone

in-growth. Therefore, further in-vivo testing and clarification is required in order to provide clear

guidance on whether gradient porosity is beneficial. However, there is extensive evidence presented

in the literature that implant material with interconnected highly porous structure promotes os-

seointegration, and that it is vital that the material presents mechanical properties comparable to

those of human cortical bone.

2.9 Research Brief

Chapter 1 outlined the properties of human bone and the research covering the desired properties for

artificial bone implant materials in terms of material selection, material porosity and mechanical

properties. This chapter (Chapter 2) has provided an in-depth summary of the manufacturing

processes that have been employed in previous research that has aimed at producing porous Ti for

orthopaedic implant material, as well as highlighting the strengths and limitations of each process.

As highlighted in Section 2.8 and summarised in Table 4, the structures produced using most of

these methods fail to meet all the criteria of orthopaedic implants, particularly in terms of required

porosity, as outlined in Section 1.1. The AM processes discussed clearly offer the ability to produce

bespoke geometries, which is important for this application, however where these processes have

been applied in this area they have either been unable to produce adequate levels of porosity, or

required complex computational processes in order to generate the geometry.

Foam gel casting has been highlighted as a process which presents the most promising capability

to easily produce material with the required porosity, with the main drawback of this method

being that it requires the use of a mould, and therefore is limited in its ability to produce bespoke

geometries. Therefore, to overcome this, the primary aim of this work was developing the foam

gel casting process for Ti64 powder, and then combining this with AM using material extrusion,
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as discussed in Section 2.6.7, in order to be able to easily produce porous Ti64 structures with

bespoke geometries. As discussed in Section 2.8.5 the primary objective when developing artificial

orthopaedic implant material should be to achieve levels of porosity that match that of human

trabecular bone, as this is vital in order to achieve successful fusion between the implant and

surrounding bone, as well as allowing for vessel in-growth and fluid transportation. As such, the

following refined project aims were identified for this work:

• To combine the understanding acquired from existing literature on gel casting, along with sys-

tematic experimental development, in order to establish and optimise the foam gel casting procedure

for Ti64 powder slurry that is able to produce material with optimal porosity for the application

of orthopaedic implant material that mimics the structure of human trabecular bone.

• To understand and enhance the composition and properties of this newly developed powder-

based slurry in order to optimise it for the application of 3D material extrusion.

• To develop the 3D material extrusion process through the systematic extrusion and in-depth

analysis of tracks and layers, in order to produce bespoke 3D structures from this slurry using a

desktop 3D printer with a paste extrusion toolhead attachment.

• To build an in-depth and robust understanding of this manufacturing process through both

experimental development and mathematical modelling, in order to optimise the process parameters

to produce the highest possible quality extruded 3D structures, as well as highlight the limitations

of the process and routes for further development.

In order to provide quantifiable criteria to assess the porous Ti64 produced in this work, using

the information gathered from literature and presented in Section 1.1 regarding the porosity of

human trabecular bone and the optimal porosity for artificial implant material, the following target

values and characteristics were identified for the porosity of the material developed in this work:

• Porosity of 60 − 80 %

• Pore sizes ranging from 300 − 600 µm

• The pores must be interconnected with connecting ‘windows’ at least 40 µm in diameter

• Pores should be concave in curvature.
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3 Chapter 3: Experimental Procedures

3.1 Materials for Developing Metal Powder Slurries

As highlighted in Section 2.6.4, foam gel casting offers the ability to control porosity of the material

produced by altering a number of parameters within the process. The composition of the slurry

and mixing process must be fine tuned in order to produce the desired final material properties.

This process has recently been developed for SS 316L, and the final sintered samples presented

porosities similar to those outlined in Section 2.9 as optimal for artificial bone implants [220, 243].

Therefore the first aim in this project was to adapt this system in order to produce highly porous

Ti64, and optimise the slurry composition to achieve desirable levels porosity. This section outlines

all the materials used to produce metal powder slurries within this project.

(a) (b)

(c) (d)

Figure 49: Optical micrographs showing AM grade Ti64 powder (a), fine non-AM grade SS 316L
powder (b), AM grade SS 316L powder (c) and course AM grade SS 316L powder (d), used to
create metal powder slurries for foam gel casting. Taken using Leica DM2700 M Upright Materials
microscope (Leica Microsystems, UK).
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3.1.1 Ti64 Powder

The main powder used throughout this project to create the slurries was AM grade Ti64 powder

(particle size 15 − 45 µm stated by the supplier), supplied by Carpenter Additive (Chesire, UK).

This powder is produced using plasma atomisation which results in superior sphericity of the

particles. The particle sphericity increases the ability of the powder to flow and pack compared

with angular powder, and these characteristics are what make it suitable for AM applications. This

powder was selected for producing Ti64 powder-based slurries for gel casting and extrusion because

these characteristics should theoretically mean that less liquid is required, resulting in a reduction

of shrinkage during drying and sintering. The actual particle size distribution of the powder was

obtained using a Mastersizer 2000 (Malvern Panalytical Ltd. UK). The median particle size was

measured to be 32.4 µm, with a 10th and 90th percentile of 23.2 µm and 44.9 µm respectively. The

full particle size distribution is displayed in Figure 50.

3.1.2 Stainless Steel Powder

Slurries were also produced using stainless steel (SS) 316L powder in this work for comparison,

particularly regarding viscosity and stability of the slurries. The primary SS powder used in this

work was AM grade SS 316L F powder supplied by Carpenter Additive (Cheshire, UK), with

a particle size range of 15 − 53 µm stated by the supplier. As with the AM Ti64 powder, the

actual particle size distribution was measured using the Mastersizer 2000, giving a median size of

28.7 µm, with a 10th and 90th percentile of 17.9 µm and 45.5 µm respectively. The full particle

size distribution is displayed in Figure 50, which shows the distribution of the AM Ti64 and AM

SS 316L powders to be very similar. In addition to this SS powder, two alternative SS powders

were used for comparison purposes. The first of these was a fine, non-AM grade SS 316L powder,

supplied by Sandvik Osprey LTD (Neath, UK), with a median particle size of 7.2 µm and a 10th

and 90th percentile of 3.5 µm and 15.1 µm respectively. Interestingly, whilst the fine SS 316 powder

is not described as spherical or AM grade, Figure 49b shows that this powder is also reasonably

spherical, although not as spherical as the AM grade powder. The second SS powder used for

comparison was a more course AM grade powder supplied by LPW (Carpenter Additive, UK),

which when measured presented a median particle size of 76.4 µm and a 10th and 90th percentile of
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47.7 µm and 111 µm respectively. The particle size distribution plots for all the SS 316L powders

used, as well as the Ti64 powder, are presented in Figure 50, and the key values are summarised

in Table 5.

Metal Powder

Size Distribution
(µm)

Ti64 (AM) Fine SS 316L
(non AM)

SS 316L (AM) Course SS 316L
(AM)

Median 32.4 7.2 28.7 76.4

10th percentile 23.2 3.5 17.9 47.7

90th percentile 44.9 15.1 45.5 111

Table 5: Table providing size distribution summaries for the metal powders used for creating
slurries.

Figure 50: Graph showing distribution of powder particle sizes for AM grade Ti64 powder, fine SS
316L powder (non-AM), AM grade SS 316L powder and course AM SS 316L powder. Measured
using Mastersizer 2000 (Malvern Panalytical Ltd., Uk).

3.1.3 Slurry Chemical Components

The slurry composition was initially based on the work completed by Kennedy and Lin [220], with

methylcellulose (MC) (Sigma, UK, Product Number M0262) used as the gelling agent. MC solution

experiences thermoreversible gelling at a temperature dependent on the percentage concentration

of the solution. For the product used in this work, a 2 wt% solution has a gelation temperature of

approximately 48 ◦C and a viscosity of approximately 400 cP at 20◦C (Appendix A). The gelation
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temperature decreases linearly, and viscosity increases linearly with increasing concentration, as

outlined in the data sheet. The Ti64 powder was dispersed in the MC solution using the dispersant

Darvan 7-N (Vanderbilt Minerals, Norwalk CT), a solution compromising of sodium polymethacry-

late and water (Appendix B). Darvan dispersants work by increasing the strength of the anionic

charge on the powder particles, causing them to repel one another and disperse throughout the

slurry. Triton X-100 (Sciencelab.com Inc., Texas) was used as the surfactant (Appendx C), which

is a nonionic surfactant used in a wide variety of household and industrial products.

3.2 Production Process for Porous Metals

The first important phase of experimental work for this project was developing Ti64 slurry for

foam gel casting, by adapting the previous method for SS 316L as discussed in Section 2.6.6, and

showing that it is possible to extrude the foamed slurry through a syringe nozzle without causing

the bubbles within the slurry to collapse, and as such retaining the resulting porous structure in

the dried samples.

3.2.1 Slurry Composition Calculations

The first parameter to calculate was the packing density of the powder, both tapped and non-

tapped. This was achieved by placing a quantity of powder within a measuring cylinder and

measuring the mass and volume of the powder. The powder was then mechanically tapped 500

times within the cylinder using a Quantachrome Autotap tap density analyser (Anton Paar Ltd.,

UK), before measuring the volume again. Using the mass and volume values, the bulk density and

tapped bulk density of the powder were calculated using Equation 10.

ρb =
mp

Vt
(10)

Where ρb is the bulk density, mp is the mass of the powder and Vt is either the total tapped or

non-tapped volume of the powder in the measuring cylinder, depending on which density is being

calculated. Next, the packing fraction range of powder was calculated for both the tapped and

non-tapped bulk density values by applying Equation 11.
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PF =
ρb
ρp

(11)

Where ρp is the density of Ti64 (ρp = 4.5 g/cc [133]). The purpose of calculating the PF

range for the powder is to provide a guide for the initial ratio of powder and gelling agent solution

that should be mixed in the slurry. The PF provides the proportion of a volume of powder that

actually contains powder particles, and the method follows that ideally the initial volume of gelling

agent solution used in the slurry should be enough to fill the voids between the powder particles.

Therefore, the volume of gelling agent solution was calculated using Equation 12, and the initial

mass of powder within the slurry was also calculated similarly using Equation 13.

VMC = (1 − PF ) × Vslurry (12)

mp = PF × Vslurry × ρp (13)

Where VMC is the volume of the methylcellulose gelling agent solution and Vslurry is the total

slurry volume.

3.2.2 Preparation of Methylcellulose Solutions

MC was purchased in powder form and the solutions were prepared using deionised water following

the method outlined in the product information sheet provided by the supplier (Appendix A). One

third of the volume of deionised water was heated to at least 80◦C and combined with the desired

mass of methylcellulose powder and mixed manually. The remaining two thirds of water was stored

in the fridge and added to the dispersion cold. The solution was then stored in a fridge for 24

hours whilst periodically agitating until all the powder has dissolved. Solutions were prepared in

this way with concentrations of 1 − 4 wt% to be used for preparing Ti64 powder slurries.

3.2.3 Slurry Mixing, Whisking and Gelling/Drying

The slurries were mixed and whisked using a KitchenAid tilt-head stand mixer, along with various

attachments as shown in Figure 51. The calculated quantities of powder and gelling agent solution

were combined in the mixing bowl, and the dispersant was added at an initial volume of 1.5 wt% of
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the powder mass as recommended in the method [243]. These components were gently mixed using

a paddle mixer until a consistent slurry was formed before the surfactant was added at 1 vol% of the

slurry volume. The slurry was then mechanically whisked in the bowl at 220 rpm for 2−10 minutes

using the balloon whisk attachment to incorporate air bubbles before being transferred into moulds

and placed in a pre-heated oven (SciQuip Oven-55S, SciQuip Ltd. UK) set to 60◦C for 24 hours

to gel and dry. 60◦C was selected as it is above the gelation temperature of the MC solution, but

not so high as to cause rapid evaporation of the water resulting in cracking of the samples. Once

dried, the samples were then removed from the moulds and analysed as the green bodies in order

to obtain information regarding the porous structure without having to sinter each sample. Two

types of moulds were used in this process, rectangular flexible silicone moulds (12 × 25 × 48 mm),

and rigid tapered ice-cube tray moulds with a silicone base (25×25 mm to 33×33 mm over 24 mm

height). These are shown in Figure 51.

3.2.4 Altering Porosity within the Foam Gel Casting Process

As explained in Sections 2.6.4 and 2.6.6, the porosity and pore sizes of structures produced using

foam gel casting can be controlled by altering a number of parameters within the process. Therefore,

in order to achieve the desired values outlined in Section 2.9, a number of parameters within the

slurry composition and whisking procedure were altered including the solid loading (powder volume

fraction), MC solution wt% concentration and whisking time. A summary of the composition

parameter values that were varied is provided in Table 6, and these values are discussed in more

detail in Section 4.1.

Slurry Composition Parameters

Varied Constant

Volume
Fraction

MC Solution
Concentration

(wt%)

Whisking Time
(mins)

Dispersant
Addition (wt%

of powder mass)

Surfactant
Addition (vol%
of non-foamed
slurry volume)

Values 0.5 − 0.6 1 − 4 2 − 10 1.5 1

Table 6: Table providing a summary of the slurry composition values which were varied, and those
which were kept constant, when optimising the Ti64 powder slurry composition to achieve specific
porosity in dried samples.
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(a) (b) (c)

(d) (e)

Figure 51: Photograph showing KitchenAid tilt-head stand mixer (a), paddle mixer attachment
(b) and balloon whisk attachment (c) used to mix and whisk powder slurries, as well as ice-cube
moulds (d) and flexible silicone moulds (e) filled with foamed slurry to be transferred to the oven.

3.3 Controlled Slurry Extrusion Experimental Setup and Procedure

In order to explore the feasibility of 3D printing the powder-based slurries by observing their

behaviour when extruded through a nozzle, controlled extrusion experiments were set up using the

paste extrusion syringe supplied for the ZMorph 2.0 3D printer. The compressions were applied

using an Instron 6800 Single Column Series 68SC-5 universal testing system (Instron, US) to drive

the plunger, as shown in Figure 53b.

96



3.3.1 Loading ZMorph Syringe

The foamed slurry was transferred into the ZMorph paste syringe immediately after whisking, either

by pouring or scooping using a spatula (depending on the viscosity of the slurry). A maximum

of 100 ml of slurry can be loaded in to the syringe, so it was filled up to this limit depending on

the volume required for each experiment. The plunger was lubricated using a silicone lubricant

and placed within the end of the syringe, but not compressed. The syringe was then turned upside

down and gently tapped whilst slowly compressing the plunger, in order to expel trapped air out

through the nozzle. Once all the air was removed and slurry began to be extruded from the nozzle,

it was then placed within the compression rig. Figure 52 shows the main steps of syringe loading

process.

Figure 52: Images showing the process of loading the ZMorph thick paste syringe with foamed
slurry, and removing trapped air pockets by compressing the plunger with the nozzle facing upwards.

3.3.2 Custom Syringe Compression Rig

In order to be able to extrude slurry from the syringe in a controlled manner, a custom compression

rig was designed and manufactured in-house (Figure 53). The rig was designed to house the

ZMorph syringe and allow it to be used in conjunction with the Instron compression plates to
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apply controlled compressions to the plunger.

(a) (b)

Figure 53: Controlled syringe compression rig CAD design (a) and positioned within the Instron
universal testing system (b).

3.3.3 Controlled Syringe Plunger Compression Parameters

The custom syringe compression rig was used to investigate the impact of two main parameters;

extrusion speed and hold time. Hold time refers to the duration for which the slurry is stored within

the syringe prior to extrusion. Experiments were designed in order to analyse the affect of these

parameters on the stability of the foamed slurries. Test files were set up using the corresponding

Instron software (Bluehill Universal), in which the compression speed and distance were specified.

For all of these experiments the tests were programmed to extrude 10 ml of slurry by displacing the

plunger using the compression plate. The typical extrusion speed when using the ZMorph paste

extruder is around 0.05 − 0.1 ml/s, depending on the specific values of various input parameters.

Therefore, extrusion speeds between 0.05−0.4 ml/s were tested in order to see if going beyond the

typical extrusion speeds would have any impact on the stability of the foamed slurries. For the hold
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time experiments, the extrusion speed was set to 0.1 ml/s, and the extrusions were simply repeated

at certain time intervals. For each test the slurry was extruded directly into a mould which was

immediately transferred into an oven to gel and dry, using the same parameters as defined in Section

3.2.3. Force/displacement data was also gathered within the software for each extrusion. The final

10 ml of slurry in the syringe was never extruded as part of these experiments, as the assumption

was made that the plunger force and pressure experienced by the slurry would be significantly

higher as the plunger approached the nozzle end of the syringe due to the shape of the syringe.

Figure 54 shows the velocity profiles of material being extruded from a syringe, which highlights

that there is a noticeable increase in velocity (and hence shear forces acting upon the material) as

the plunger gets close to the bottom of the syringe chamber. The model used to create Figure 54

was produced using Ansys Fluent (Ansys, USA), and is a very basic model in which the syringe was

modelled with the same dimensions as the ZMorph thick paste extruder, but the fluid properties

were based on the MC solution properties alone and as such were not representative of the actual

extruded slurry. It was created simply to demonstrate the behaviour of a fluid being extruded from

a syringe of these dimensions and geometry, and to inform the decision not to extrude the final

10 ml of slurry for each of these experiments. In order to compare the effect of storing the foamed

slurry inside the syringe against the decomposition of the slurry when simply left to settle, several

samples were also placed directly into moulds after mixing which were then left to settle for set

time periods before transferring into the oven to gel and dry.

3.4 Analysis of Slurries and Dried Samples

3.4.1 Viscometer Model and Spindle/Speed Selection used for Measuring Slurry Vis-

cosity

The viscosity of the metal powder slurries produced in this work was significantly influential in

determining the stability and printability of the material. As such, viscosity was measured for all

of the main slurry compositions investigated. Slurry viscosity was measured using a Brookfield

DV1MLV Viscometer (Brookfield Engineering Laboratories Inc., USA). The viscometer was sup-

plied with a set of four spindles (LV1-4, as shown in Figure 55a) and a narrow guardleg, and is

capable of measuring viscosity within the range of 15 − 2, 000, 000 cP . The rotational speed of the
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(a) Velocity profiles during ini-
tial extrusion of fully loaded sy-
ringe.

(b) Velocity profiles during ex-
trusion when the plunger is in
middle of the syringe.

(c) Velocity profiles during the
final 10% of the syringe volume
extrusion.

Figure 54: Basic CFD model created using Ansys Fluent showing velocity profiles of a fluid being
extruded from the ZMorph thick paste extender toolhead syringe.

spindle can be set between 0.3−60 RPM at defined intervals. Each spindle and speed combination

is able to measure viscosity within a specific range, and so when measuring multiple fluids with

various viscosities usually either the spindle or the selected speed have to be altered. Measuring

the viscosity of a slurry that contains suspended powder particles presents certain challenges, in

particular that the powder particles will tend to migrate away from the rotating spindle, causing

changes to the measured viscosity value over time. Brookfield do provide specialist spindles for

measuring slurries where suspended solids may migrate away from the spindle, which offer minimal

disruption of the sample during spindle immersion, however these were not available for this work.

This issue is amplified with increasing spindle rotation speeds, and previous studies in literature

have demonstrated how high shear rates can cause collapse of the foamed slurries which means the

viscosity data gathered is not comparable, and as such it is recommended to obtain viscosity data

for foamed slurries at low spindle rotational speeds [283]. Therefore, for measuring the viscosity of
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the slurries in this work a rotational speed of 1.5 RPM was selected. Also, whilst viscosity was

measured over 60 seconds, the initial viscosity (after 1 second) for each slurry was used to define its

value. Because the rotation speed was kept constant for measuring slurries with various viscosities,

specific spindles were selected so that the spindle/speed combination viscosity range was suitable

for each slurry.

(a) (b)

Figure 55: (a) Brookfield DV1MLV viscometer spindle selection, LV 1-4 from left to right and (b)
chamber tube supplied with the enhanced UL adapter.

3.4.2 Viscometer Setup and Viscosity Correction

The spindles provided with the DV1MLV viscometer (LV 1-4, shown in Figure 55a) are designed

to be used with a container/beaker with an internal diameter of 8.25 cm (a 600ml low form Griffin

beaker is suggested), and also in conjunction with the provided guardleg (Figure 56a). The oper-

ating instructions state that alternative containers can be used at the user’s convenience, but this

will impact the viscosity measurements obtained. However, it does clarify that results obtained

using an alternative container will provide repeatable results, but just not necessarily ‘true’ results,

meaning that the measurements may not provide strictly accurate viscosity values however can still

provide a consistent comparison between fluids. Each spindle also has an immersion groove on the
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(a) (b)

Figure 56: Photographs showing Brookfield Viscometer set-up with LV 2 spindle in conjunction
with a beaker of the recommended diameter (a) and the chamber tube alternative container used
to reduce required volume of slurry for viscosity measurements (b).

shaft, as can be seen in Figure 55a, which represents the level to which the spindle should be im-

mersed within the sample. The combination of using a container with a diameter of 8.25 cm whilst

also immersing the spindle up to the immersion groove means that typically a minimum volume of

250−300 ml of the sample is required in order to sufficiently fill the beaker. This presented an issue

in this work because producing this volume of slurry would require around 300 − 600 g of metal

powder (depending on which specific powder and volume fraction is being used). Only a limited

supply of each powder was available due to their high cost, and therefore using this quantity of

each powder every time viscosity measurements were required would have been an inefficient use

of the available powder. In order to overcome this challenge an alternative container was used for

viscosity measurements (Figure 55b). The chamber tube supplied with the enhanced UL adapter

was filled with slurry to the required depth, and then the appropriate spindle was inserted (Figure

56b). This container has an internal diameter of only 27 mm and so only ∼ 30 ml of each slurry

102



was required to fill it up to the immersion groove of the LV spindles. For true results this container

is only designed to be used in conjunction with the UL adapter to measure low viscosity materials,

however, in order to minimise powder consumption it was used for all viscosity measurements in

this work using the LV 1-4 spindles. Once all the slurry viscosity measurements had been obtained,

the slurry with the lowest viscosity was measured again but using the correct experimental setup

as recommended in the operating instructions (Figure 56a). The viscosity measurements for the

other slurries were then corrected against this least viscous slurry, so that data gathered using the

adapted experimental setup (Figure 56b) could be used to draw meaningful conclusions without

the need to mix large volumes of each slurry and waste high quantities of expensive metal powder.

3.4.3 Structural Analysis of Green Samples

As outlined in Section 2.9, the porosity and pore sizes of the material produced in this work were

key properties, therefore it was important during the experimental phases to be able to measure

pore sizes and porosity of the samples produced by each batch of slurry. For this reason the dried

samples were analysed as green bodies, rather than going through the complex and time-consuming

sintering process for each batch of samples. This provided more immediate feedback which meant

the process could be developed in a much more time efficient manner. Also, once the samples have

been sintered it would be considerably more difficult to break them open to analyse the porous

structures. Therefore, during the slurry composition and mixing process development, the porous

structures of the green samples were analysed using the following techniques.

3.4.3.1 Optical Micography and 2D Image Analysis for Pore Size Measurement

To obtain measurements of pore and connecting window diameters, green samples from each batch

were scored and fractured in several places (see Figure 57) and then images of the exposed surfaces

were taken using an optical microscope (Leica S6D stereozoom, Leica Microsystems, UK). The

images were transferred to the open-source image processing program Fiji [204], where the pores

and windows were outlined as shown in Figure 58. The measure tool within Fiji was used to analyse

the dimensions of the outlined pores/windows. This tool provides a value for each circle/oval

called the Feret’s Diameter, which describes the longest distance between any two points along the

boundary of the selection (or maximum diameter). This was identified as being an appropriate

103



form of measurement due to the natural sphericity of the pores (as seen in Figure 58), which is a

result of them being formed by bubbles within the slurry generated through whisking. For each

set of samples produced from a particular batch of slurry, the mean pore size along with standard

deviation was calculated from these measurements. At least 50 pores or windows were measured

in order to provide the mean diameters for samples produced from each slurry composition batch.

3.4.3.2 Porosity Measurement

As well as the pore and window sizes, the porosity was measured for samples from each slurry

composition batch. To measure porosity, the mass of each green sample was weighed upon removal

from the mould and the volume of the mould was measured. If the sample did not completely fill

the mould, a line was drawn inside the mould to mark the top level of the sample, and after removal

the amount of liquid required to fill the mould to that level was measured by filling the mould up

to the marked level with water and recording the mass, which was then converted to volume. The

density (ρs) for each sample was calculated using Equation 14, and the porosity calculated using

Equation 15.

ρs =
ms

Vs
(14)

φ = 100 −
(
ρs
ρp

× 100

)
(15)

Where ms is the sample mass and Vs is the volume of the mould cavity.

3.4.4 Gelling Agent Burnout Test

In order to test the stability of the green samples a burnout test was conducted to check whether

they would maintain their structure during the sintering process or simply collapse when the MC

is removed. A burnout test was conducted on a number of samples produced from different slurry

batches using an Elite TSH15 single zone horizontal tube furnace (Elite Thermal Systems Ltd.,

UK) in a nitrogen atmosphere. The furnace was heated to 650◦C at a rate of 10◦C/min and held

for 2 hours before cooling again. It has been shown previously using thermogravimetric analysis

that the burn off temperature of MC is in the region of 450− 500◦C [284], and so the temperature
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Figure 57: Green porous Ti64 sample fractured to expose internal porous structure for analysis
using optical micography

(a) (b)

Figure 58: Optical Micrographs showing open surfaces of porous Ti64 green sample with highlighted
pores (a) and windows (b), as measured in Fiji.

for the burnout test was selected to be safely above this region to ensure complete burn off. Once

the test samples were removed from the tube furnace, they were then fractured and imaged using

the same process as described in Section 3.4.3 in order to examine their structure with the MC

removed.
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3.4.5 Compression Testing of Green Samples

Basic mechanical tests were set up to analyse the green strength of samples produced from a

number of specific slurry compositions. These samples were subjected to compression testing using

the Instron 6800 Single Column Series 68SC-5 universal testing system (Instron, US), along with

compression plates (Figure 59). The samples were compressed to failure at a rate of 0.5 mm/s,

and the force/displacement data for each compression was collected and plotted.

Figure 59: Instron 6800 Single Column Series 68SC-5 universal testing system (Instron, US) used
for green sample compression testing.
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3.5 3D Material Extrusion Process

As highlighted in Section 2.6.7 the ZMorph 2.0 3D printer provides a thick paste extrusion toolhead

(Figure 46) [253], which is typically recommended for extruding soft foods for decoration such as

cream cheese or melted chocolate, but can be used with any liquid which has a viscosity within

the recommended range [254]. Material extrusion, like all processes available with the ZMorph,

is controlled through the Voxelizer software [285]. In order to be able to build 3D structures out

of foamed Ti64 slurry using material extrusion, it was necessary to develop an understanding of

key aspects of the deposition process including optimising the extrusion parameters, understanding

track geometry and stability, and the interaction between adjacent tracks and successive layers of

deposited slurry. This was achieved by breaking the process down into single-track deposition,

single-layer deposition, and finally multi-layer builds.

3.5.1 ZMorph Thick Paste Extruder Toolhead and Build Platform Setup

Foamed slurry was loaded into the ZMorph paste syringe following the same process as described

in Section 3.3.1. Once the plunger had been compressed and excess air removed from the syringe,

it was then inserted into the mounting base as shown in Figure 60. The height of the syringe nozzle

above the build platform (nozzle offset) was adjusted using the manual z-calibration thumbscrew.

The nozzle offset was adjusted throughout the process development such that the distance between

the nozzle and platform was always greater than or equal to the measured track height. The

platform was pre-heated to a temperature of 100◦C, which is controlled within Voxelizer, so that

the foamed slurry would rapidly gel when deposited and then subsequently dry. In order to make

sure it is easy to remove the deposited material from the platform once dried, it is recommended to

add an additional thin sacrificial layer between the platform and deposited material. In this work

aluminium foil was used because of its good thermal conductivity (253 W/mK), which ensured that

the heat generated by the platform was transferred to the deposited slurry. The foil was secured to

the platform by applying Dimafix (ID3 Digital Media SL, Spain), a thermally activated adhesion

spray developed for providing adhesion for FDM processes between the extruded material and glass

platform. This meant that whilst the platform was heated the foil would have good adhesion to

the platform, and when cooled it could be easily removed.
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Figure 60: ZMorph thick paste syringe loaded with foamed slurry and mounted above the build
platform.

Figure 61: ZMorph thick paste workflow parameters.
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3.5.2 File Generation for ZMorph Thick Paste Extrusion

The geometries to be printed using the ZMorph thick paste extruder were modelled in Solidworks

(Dassault Systems, USA). The 2D sketches were exported as Drawing Exchange Format (.DXF)

files which are a universal format for storing CAD files. These 2D .DXF files can then be imported

by Voxelizer and used to create a .gcode file which contains the information required by the 3D

printer in order to complete the build. The software does not provide the capability to automatically

create hatches to in-fill the shell of a sketch when working in the thick paste extrusion workflow,

and therefore these must be manually created when drawing the 2D sketch in order to be able to

print a complete surface rather than individual tracks (Figure 62).

The imported 2D sketch represents a single layer which can then be deposited several times

successively as determined by the layer count parameter. Once all the other parameters have been

defined the build can then be directly submitted if the software is connected to the printer, or saved

to an SD card as a .gcode file and transferred to the ZMorph.

Figure 62: .DXF file square with manual hatching used to print a single layer with the ZMorph
thick paste extruder.
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3.5.3 Extrusion Parameters for Ti64 Slurry Deposition

The thick paste extrusion workflow within Voxelizer contains are a variety of parameters that can

be controlled including thickness, layer height, layer count, path width and print speed, as well as

the option to control the retraction of the material (Figure 61).

3.5.3.1 Track Dimension Parameters for ZMorph Thick Paste Extrusion

The path width and layer height parameters define the cross-sectional geometry of the deposited

tracks. The nozzle attached to the ZMorph thick paste extruder toolhead has a 2 mm diameter,

and so the path width was initially set to be equal to this value. It would be virtually impossible

to successfully deposit a track with a width less than the nozzle diameter, and to create a track

wider than the nozzle would be extruding excess material and rely upon it spreading evenly into the

correct width. The track height was set to 1 mm based on the assumption that the cross-sectional

geometry of tracks would be roughly semi-circular where the width is equal to the nozzle diameter

and height equal to the radius, as presented in the schematic in Figure 63.

3.5.3.2 Thickness Parameter for ZMorph Thick Paste Extrusion

The thickness (or consistency) value can be varied from 0 % (thin) to 100 % (thick). No guidance

is provided that matches thickness % with specific material viscosities, it is simply recommended

to experiment with this parameter to find the optimal value for the material being extruded. The

guidance provided by ZMorph [253] explains that this parameter values alters the extrusion volume

by adjusting the extrusion speed, and simply recommends selecting a greater thickness value for

‘thicker’ materials.

3.5.3.3 Print Speed Parameter for ZMorph Thick Paste Extrusion

The print speed value is defined in mm/s and refers to the linear speed with which the toolhead

travels whilst extruding material. It is recommended to set an initial value of 1mm/s and then

increase to suit the material being extruded. Initial testing showed that this speed was too slow

for the Ti64 slurry and so for the process parameter optimisation experiments values between

2 − 10mm/s were selected.
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Figure 63: Schematic showing anticipated slurry cross-sectional profile dimensions when extruded
from the thick paste extruder syringe nozzle onto the heated platform.

3.5.4 Calibrating Material Flow Rate for ZMorph Thick Paste Extrusion

It was initially assumed that the flow rate (Q) of the extruded material (measured in cc/s or ml/s)

could be approximately calculated simply using Equation 16

Q =
h× w × v

1000
(16)

Where h and w are the track height and width respectively measured in mm, and v is the print

speed measured in mm/s. These values when multiplied together give a flow rate measured in

mm3/s which is then divided by 1000 to convert to cc/s.

However, it is stated within the ZMorph Thick Paste Extrusion guidance that print speed has

an impact on the mass of material that is extruded and increasing the speed reduces the mass [253].

It was also discovered in previous initial testing that the thickness parameter affects the flow rate of

the material being extruded. This suggests that the path width and layer height parameters actually
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provide little control over the dimensions of the deposited track, and that it is recommended to

optimise the other parameters to produce the desired track dimensions.

Therefore, in order to link the information obtained from the controlled extrusion experiments

described in Section 3.3 to the print speed values defined in Voxelizer, and to discover the rela-

tionships between the printing parameters and flow rate, the flow rate was measured for various

parameter combinations. It was measured by manually timing how long it takes for the syringe

plunger to move 10 ml, repeated 3 times for each set of parameter combinations and calculating

an average value. This could then be used to calculate a flow rate value in cc/s.

3.5.5 Optimising Track Dimensions and Flow Rate

As previously outlined, several of the extrusion parameters that can be altered within Voxelizer

(particularly thickness and print speed) affect the flow rate of the material through the syringe

nozzle, making it difficult to print tracks with geometries that match the values defined within

Voxelizer. A series of single-track deposition tests were conducted in order to analyse the track

geometries as certain extrusion parameters were altered. Tracks of length 100 mm were extruded

in a zig-zag pattern with foamed Ti64 slurry on the build platform pre-heated to 100◦C, leaving

enough space between each pass so that they did not converge. The width and height parameters

were kept constant at the values described in Section 3.5.3, and the thickness and speed parameters

were varied between 35− 55 % and 2− 10 mm/s respectively based on observations from previous

initial tests. After being extruded onto the heated platform, images of the tracks along with a

ruler for scale were taken with a camera, as shown by the example in Figure 64. The images were

transferred to Fiji and the scale was set using the ruler markings. The width of each individual

track was measured at 10 mm intervals to provide a mean track width for each set of extrusion

parameters. The continuity of the tracks was also assessed using these images by observing whether

there were any breaks in the deposition caused by insufficient material being extruded to form a

continuous track.

Once the track widths had been measured for each combination set of parameters, certain

parameters were selected for completing track height measurements. The reason that the track

width was analysed first is that the process of taking images and measuring the widths using Fiji

is straightforward and not time consuming, and by visually inspecting the tracks and analysing the
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Figure 64: Example of an image taken of Ti64 extruded tracks used to measure width and optimise
thickness and print speed parameters.

measured width values, many of the parameter combinations could be discarded hence reducing

the number of tracks for which the height needed to be measured. In order to measure track

height, the tracks were first left on the heated platform for two hours in order to ensure they

were fully dried (Section 7.1.4). Then the aluminium foil was then carefully removed with the

tracks remaining intact on top by sliding a thin blade underneath it and transferring it to a flat

tray for transportation. The tracks were then transferred to the LEXT OLS5000 laser confocal

microscope (Olympus Scientific Solutions Americas Inc., USA) for measurement. The OLS5000

is a 3D measuring laser microscope that is able to measure height by acquiring multiple confocal

images by automatically shifting the focus pattern. It then combines these images into a 3D profile

which can then be analysed and used to take measurements. The 3D scanning process is time
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consuming and so rather than scanning the entire region of each set of deposited tracks, a number

of representative sections were selected for each to be scanned and measurements to be acquired

from. Figure 65 shows an example of a 3D view of section of tracks that has been scanned using the

OLS5000 used to generate a 2D height profile in order to obtain track height measurements. Track

height was measured from the surface of the foil up to the highest point on each track. Where the

foil was not flat due to deformation during removal from the platform, the measurement baseline

was drawn from the level of the foil on one side of the track across to the level on the other side,

and then the height was measured from this baseline to the peak. At least 2 sections of each set

of tracks were selected for 3D scanning and height measurement, meaning that between 5 − 10

measurements were obtained for each set of tracks. These values were then used to measure an

average. Track widths were also measured in the same way for the sections that were scanned, in

order to compare and validate against the values obtained from 2D measurement using images and

Fiji.

Figure 65: Screenshot showing example of 3D image of several single extruded tracks of slurry used
to obtain track height measurements, taken using the LEXT OLS5000 laser confocal microscope.
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3.5.6 Overlap of Extruded Slurry Tracks

Having developed an understanding of the individual track dimensions for given sets of extrusion

parameters, the next step was to investigate the optimal overlap between adjacent tracks in order to

create a single continuous layer. As explained in Section 3.5.2, the .dxf file created from a 2D CAD

sketch maps the path that the toolhead will follow when depositing the slurry on the platform.

Using the information gathered from measuring track widths, the spacing between adjacent hatch

lines can be altered to produce varying amounts of overlap between adjacent tracks. Single layer

depositions made up of 4 adjacent tracks with a specified overlap in the region of 0− 50% were set

up using the previously determined optimal extrusion parameters. Tracks with 0% overlap were set

up so that the spacing between each track was equal to the average track width, and an increase in

overlap refers to a proportional decrease in the spacing between each track. The .gcode files were

generated as described in Section 3.5.2, and the tracks were deposited on the pre-heated platform

then left to dry. The tracks were inspected visually and also analysed using the LEXT OLS5000

laser confocal microscope in order to capture the cross-sectional profiles of the overlapping tracks.

Figure 66 shows an example of a 3D image showing a section of 4 overlapped tracks scanned using

the OLS5000.

3.5.7 Multi-Layer Slurry Extrusions

The final stage of the 3D extrusion development process was to be able to deposit multiple successive

layers of foamed slurry. The key areas of interest were whether each layer would be stable enough to

support the next layer deposited on top, and also whether each deposited layer would merge to form

one continuous 3D porous structure or whether separations between each layer would be observed.

Build files for simple square shaped layers consisting of zig-zag hatched tracks were generated, and

the layer count within Voxelizer was set to 3. Some builds were completed where each layer was

deposited immediately after the previous layer, and others were manually paused between layers in

order to examine the effect of fully drying each layer prior to depositing the next.

A 2-layer deposition was set up where each layer consisted of a series of hatched tracks as shown

in Figure 67. A .dxf file was created that consisted of a long hatched rectangle, with the hatches

spaced as to provide 15% overlap between tracks (Figure 67). Within Voxelizer the layer count was
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Figure 66: 3D image showing example section of a single deposited layer of Ti64 slurry consisting
of 4 overlapped tracks. Acquired using LEXT OLS5000 laser confocal microscope

set as 2 and Extrusion Order was set to ‘proximity’, which meant that when the 1st layer had been

deposited, rather than the nozzle returning to where it started to begin depositing the 2nd layer, it

deposited the next layer in the reverse order starting in the position where it ended the previous

layer. The total length of the hatched lines was designed such that at a print speed of 5 mm/s the

time taken to deposit the full layer would be 300s. As such, by the time the second layer extrusion

reached the point at which the first layer was started, the time between the deposition of the layers

would be 600s, hence producing a 2-layer build where the drying time for the first layer prior to

deposition of the second layer varied between 0 − 600s along the length of the build. The build

could then be analysed at various sections in order to examine the effect of altering the drying time.

Cross-sectional images were taken at various locations within the 2-layer structure using the Leica

S6D in order to examine the merging between tracks and layers.

3.5.8 Full 3D Builds by Extruding Multiple Tracks and Layers

Having optimised extrusion parameters, adjacent track overlap and multi-layer deposition parame-

ters for various slurry compositions (including Ti64 powder and SS 316L powder slurries), the final
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Figure 67: Screen-shot showing hatching pattern used for 2-layer deposition timing experiment.

stage of experimental work was to produce various 3D builds using the ZMorph thick paste extruder

which could then be assessed geometrically and also in terms of track and layer merging/adhesion.

.dxf files of simple geometries and hatching patterns were created for these builds, predominantly

squares and circles with hatching as shown in Figure 68, and the layer count was set to be 4 in

order to sufficiently demonstrate the capabilities of the process whilst also keeping the temperatures

safely above the gelation temperature of the MC solution. After deposition, these 4-layer builds

were left on the heated platform overnight to be allowed to completely dry before being removed

for analysis. Images were taken with a ruler to provide a scale, which were then transferred to

Fiji to be used to measure the dimensions of the builds in the XY-plane. Selected sections of each

build were also scanned using the LEXT OLS5000 in order to analyse the overall height profiles.

Finally, each build was fractured in a number of places and analysed using the Leica S6D optical

microscope in order to inspect the boundaries between adjacent tracks and successive layers.
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(a) (b)

Figure 68: Screen-captures of .dxf files showing geometries and hatching patterns used to generate
.gcode files for 3D builds using the ZMorph thick paste extruder.

3.6 Thermal Behaviour and Modelling of Foamed Titanium Powder Slurry

As explained in Section 3.1.3 the foamed slurry is created by dispersing metal powder within a

MC solution, which is a thermally activated gelling agent. Therefore, understanding the thermal

behaviour of the slurry when deposited on a pre-heated platform, or several layers of slurry de-

posited successively, was fundamentally important in order to be able to successfully develop the

3D extrusion process. Also, the drying rate of each layer of deposited slurry was of significance for

determining the deposition timing for the following layer, as mentioned in Section 3.5.7. A series of

experiments were conducted in order to gain an understanding of the gelling and drying behaviour

of the slurry, and the data that was gathered was used to develop a number of empirical models

that could then be used to determine important information regarding the thermal behaviour.

3.6.1 Temperature Profiles and Drying Rates

Temperature data for various tracks and layers of foamed slurry deposited on the pre-heated ZMorph

platform was acquired using a Flir C2 thermal imaging camera in conjunction with FLIR Tools +

thermal analysis and reporting software (FLIR Systems, USA). The camera can be used to take

single images which display the temperature of the material. Alternatively, when connected to the

FLIR Tools + software, a continuous recording can be taken which can then be post-processed
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within the software. Using this method several regions of interest within the camera frame can

be highlighted and continuous temperature data can be plotted against time, which can then be

exported as a graph or as raw data in a .csv file.

3.6.2 Thermal Camera Emissivity Calibration

In order to measure temperature accurately using the thermal camera, the emissivity of the material

being imaged has to be defined within Flir Tools +. The emissivity of the slurry was not previously

known and so a calibration experiment was set up in order to obtain the emissivity value. The

experimental setup and schematic are shown in Figure 69. A mass of slurry was deposited on the pre-

heated platform and the temperature profile of the slurry was measured by inserting a thermocouple

just below the surface, and the data was captured at 1s intervals using a Pico Technology TC-08

thermocouple data logger in conjunction with PicoLog 6 data logging software (Pico Technology,

UK). The thermal camera was also positioned to capture a thermal recording of the slurry from

directly above. From this thermal recording the temperature of the surface of the deposited slurry

was measured within Flir Tools + and the data exported. The emissivity value was varied within

the software, and the resulting temperature profiles were compared against the profile acquired

using the thermocouple data in order to find a value which provided the most accurate match

between them. The temperature of the platform and atmospheric temperature were also measured

using thermocouples throughout the experiment.

3.6.3 Slurry Temperature Profiles

Having found the emissivity value for the foamed slurry, the thermal imaging camera could then

be used as an accurate way of easily acquiring thermal data from slurry deposited on the pre-

heated ZMorph build platform, without the need for careful positioning of thermocouples. Surface

temperature data was gathered using the thermal camera in the same way as described in Section

3.6.2. In order to build an understanding of the thermal behaviour of the slurry as multiple layers

are deposited (or as the thickness of deposited slurry increases), temperature data was gathered for

slurry that was deposited at various thicknesses. Foamed titanium powder slurry was prepared using

the methods described in Section 3.2.3, but rather than being transferred into a mould or loaded

into the ZMorph thick paste extruder syringe, it was loaded into a Kitchener Jerky Gun (Figure
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(a)

(b)

Figure 69: Experimental set-up used for thermal camera emissivity calibration (a) and schematic
explaining the components of the experimental set-up (b).
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71a). Using the trigger to compress the plunger, slurry could be extruded at a controlled rate

through the nozzle (Figure 71b) which has a rectangular aperture of dimensions 4 mm by 29 mm.

By extruding slurry in this way whilst slowly moving the nozzle over the pre-heated ZMorph build

platform, a square or rectangular single layer of slurry was deposited. The thickness of the layer of

slurry was then controlled using a simple foam levelling tool designed and manufactured in-house

(Figure 71c) that contains channels with the same width as the Kitchener gun nozzle but varying

height gaps of 2, 4 and 6 mm. This tool was carefully passed over the deposited slurry using the

channel that corresponded with the desired layer thickness, thus removing any slurry above the

desired layer height. Slurry had to be extruded from the gun in such a way as to deliberately deposit

more material than was required, in order to ensure that the levelling tool was able to remove the

excess material and produce the desired layer thickness. Temperature profile data was collected

using this method for slurry layers of thickness 2, 4 and 6 mm. The impact of platform temperature

was also investigated by depositing these layers on the platform pre-heated to temperatures of 80,

90 and 100◦C.

Figure 70: Image showing various full layers of slurry used to gather thermal data, deposited using
Kitchener gun and foam levelling tool.
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(a)

(b) (c)

Figure 71: Images showing equipment used to deposited full layers of foamed slurry with controlled
layer thickness on the ZMorph platform including (a) Kitchener Jerky Gun, (b) gun nozzle and (c)
foam levelling tool.
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3.6.4 Measuring Drying Rate of Deposited Slurry

In order to understand the level of moisture remaining within the slurry at various key points on

the temperature profiles, a set of experiments was conducted where the mass loss of the slurry

was measured at specific intervals during the drying process. It is clear that removing a sample

from the heated platform several times would disrupt the drying process and alter the temperature

profile, therefore an alternative experimental method was developed in order to be able to gather

the mass loss data. For each layer thickness and platform temperature combination, between 10

and 20 samples were extruded onto individual pieces of aluminium foil using the method described

in Section 3.6.3. After being extruded and levelled, each sample was immediately weighed and then

transferred onto the heated platform for a pre-determined duration, before then being removed and

weighed again. From the measured change in mass, the mass loss percentage was then calculated for

each sample. The duration of time each sample was dried for was determined using the temperature

profiles previously acquired to create a spread of data points throughout each profile for each layer

thickness and platform temperature combination. The mass loss data points were then plotted

against the existing temperature profiles. Thermal recordings were taken using the thermal camera

for all the samples that were dried, as well as a control sample for each layer thickness and platform

temperature combination that was completely dried on the platform. Using these recordings, the

final temperature of each sample was measured immediately prior to being removed from the

platform, so that the temperature of each individual sample could be compared against the full

temperature profiles for the same sample thicknesses and platform temperatures (as presented in

Section 7.1.4).

123



4 Chapter 4: Results & Discussion Part I - Foam Gel Casting Pro-

cess Development and Stability Testing of Foamed Ti64 Powder

Slurries

This chapter presents and discusses the results relating to the development of the foam gel casting

process using Ti64 powder, including the development of the slurry composition and mixing proce-

dure in order to optimise the process to produce structures with optimal porosity for the application

of orthopaedic implant material. It also covers the stability and extrusion testing of the foamed

slurry, both under atmospheric conditions and when held within the syringe within the thick paste

extrusion toolhead of the ZMorph 2.0 printer, and the analysis of the impact of extrusion speed and

time held within the syringe on the structural properties of the extruded and dried slurry samples.

4.1 Developing the Foam Gel Casting Process for Ti64 Powder

As highlighted in Section 2.6.5 there has been limited work around the development of the gel casting

and foam gel casting manufacturing processes using metal powder slurries as the main focus in this

area has been around ceramic materials. Recent studies have developed this process for SS 316L and

iron powder slurries [218, 220, 243], however applying this process to Ti64 remains almost entirely

unexplored. Section 2.6.6 highlights how the porous structures within samples produced using

the foam gel casting technique appear strongly suited to the application of orthopaedic implant

material, and as such there is clear motivation for developing this technique using bio-compatible

materials, and Ti64 in particular, which has been highlighted as a popular choice of material for

artificial orthopaedic implants. Section 3.2 outlines the experimental procedure followed when

optimising slurry composition for the foam gel casting process with Ti64 powder. The results

from this procedure are presented in this section and the justifications for the selection of the final

optimised slurry composition and mixing procedure are provided.

4.1.1 Powder Packing Density Calculations

Following the process outlined in Section 3.2.1 the volume and tapped volume of a mass of the Ti64

AM grade powder were measured, and these values were used to calculate the bulk and tapped
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densities of the powder, 2.65 and 2.78 g/cc respectively. These density values were then divided by

the density of Ti64 (ρp = 4.5 g/cc [133]) to provide a packing fraction (PF) range of 0.59 − 0.62.

As previously explained, this PF range provides an initial guide for the ratio of powder to gelling

agent solution (referred to as volume fraction) to be used for mixing the powder-based slurry, by

applying Equations 12 & 13, in order to calculate the volume of gelling agent solution and mass of

powder required.

The calculated PF range for this powder was a surprisingly tight range for powder packing,

suggesting that the powder naturally packs quite efficiently without the need for mechanical tap-

ping, and hence tapping the powder within the container only produced a slight increase in packing

density. In contrast, Kennedy and Lin reported that the packing density range of non-AM grade

SS 316L powder used to produce slurries ranged from 0.45 without tapping to 0.6 when mechan-

ically tapped [220]. The superior ability of the AM grade Ti64 powder to naturally pack itself in

a dense manner is a result of the sphericity of the powder particles, which, as described in Section

3.1.1, is due to the way the powder is manufactured deliberately to increase the flow of the pow-

der for AM applications, and also increase packing density in order to decrease shrinkage during

melting/sintering (typically melting using an electron or laser beam). Random packing of perfect

spheres typically results in a packing density of around 0.637 [286], which is only slightly higher

than the PF range calculated for the Ti64 powder used in this work.

4.1.2 Initial Ti64 Slurry Batch Composition and Analysis

A volume fraction (VF) of 0.6 was selected to mix the initial batch of Ti64 slurry. The mass of

powder was calculated to be 135 g and the MC solution volume of 20 ml required in order to mix

a 50 ml batch of slurry (non-foamed volume). Initially a 2 wt% concentration of MC solution was

used and, as described in Section 3.2.3, the Darvan 7-N dispersant was added at 1.5 wt% of the

powder mass (2 ml) and the Triton X-100 surfactant added at 1 vol% of the non-foamed slurry

volume (0.5 ml) prior to whisking for 4 minutes. After whisking, the slurry was transferred into

rectangular silicone moulds and then transferred to the oven to gel and dry, as described in Section

3.2.3 and presented in Figure 51. Once fully dried, the samples were removed from the moulds

and pore size and porosity measurements were acquired using the techniques outlined in Sections

3.4.3 & 3.4.3. Figure 72b shows the porous structure of the dried sample taken using an optical
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microscope. The mean pore diameter was measured to be 289 µm, with an interquartile range of

200−338 µm and the porosity was calculated from the mass and volume measurements to be 63 %.

(a) (b)

Figure 72: Image (a) and optical micrograph (b) showing porous structure of Ti64 produced using
foam gel casting with a slurry VF of 0.6.

The porosity of the samples (63 %) produced from this initial batch of Ti64 slurry sits just

within the lower end of the optimal porosity range for orthopaedic implant material as outlined

in Section 2.9, however the mean pore diameter of 289 µm is below the optimal range. Also, it

was highlighted by Lin and Kennedy that the SS 316L powder samples experienced a shrinkage of

15 − 25 % as a result of sintering [243], and so if this theoretical reduction is applied to the pore

size distribution measured for these Ti64 samples then the pore sizes would be significantly below

the desired range. Whilst the viscosity of the slurries was not measured as this stage, this initial

batch was observed to be highly viscous, and there is clear evidence within the literature that this

reduces the capacity for the slurry to be foamed [226], which may explain the limited pore sizes

observed within this batch of samples. The green strength of the samples was more than sufficient

for the samples to be removed from their silicone moulds after drying in the oven, but the samples

could be easily broken by hand in order to expose the internal porous structure for analysis. It is

likely that the high packing density of the powder contributes to the high green strength of the

samples, particularly if the VF used to calculate the slurry composition is close to the PF range of

the powder, as in the case of this batch.
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4.1.3 Controlling Porosity by Varying Slurry Composition Parameters

In order to understand the impact that certain key slurry composition parameters has on the

porosity of the resulting dried samples, and to be able to produce structures with porosity and

pore sizes with the specified target values, a range of slurry batches were mixed and whisked where

these parameters were varied and the resulting dried samples were analysed using the techniques

outlined in Section 3.4.3. It was highlighted in Section 2.6.4 that the major advantage of the foam

gel casting process is that it offers the ability to control porosity optimising various parameters

within the slurry composition and mixing process [223]. The parameters which were investigated in

order to optimise the porosity of the dried samples produced from the foamed Ti64 powder slurries

in this work included the volume fraction, MC solution concentration and slurry whisking time as

summarised in Table 6 (Section 3.2.4).

As previously explained the PF range provides a guide for the initial VF value to use to calculate

the mass and volume of powder and gelling agent solution. The VF can be varied to suit the

application and required properties of the slurry/resulting material, although increasing the VF

from the value used to produce the initial slurry batch (or using a higher ratio of powder to gelling

agent solution) would have most likely resulted in a slurry which is too viscous to mix or whisk

as it would not contain enough liquid to the powder to fill the void spaces between particles and

produce a fluid slurry. Therefore, the initial VF value of 0.6 was selected as the upper limit and

a number of slurry batches were mixed using VF values in the range of 0.5 − 0.6. The whisking

time was kept constant at 4 minutes, and the dispersant and surfactant addition was calculated

using the same wt% and vol% of the powder mass and slurry volume respectively as described for

the initial batch in Section 4.1.2. The measured porosity and pore/window sizes of the resulting

samples are presented in Figure 73.

It is clear from Figure 73 that reducing the VF used to calculate the slurry composition from its

initial value of 0.6 resulted in a dramatic increase in pore size and porosity. These results agree with

the observations drawn from the literature (Section 2.6.4), and is typically attributed to the fact

that increasing the VF (or solid loading) of the slurry results in an increase in viscosity which, as

previously stated, reduces the capacity for the slurry to be foamed [231, 238]. A VF of 0.5 produced

samples with a mean pore diameter of almost 1 mm and a porosity of 84 %. Even after applying
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Figure 73: Graph showing porosity and mean pore size (with interquartile range) of dried Ti64
samples against volume fraction used to calculate slurry composition.

a theoretical shrinkage to account for sintering (as discussed in Section 2.6.6) would produce pores

above the highlighted optimal range. Also, the green strength of the samples was compromised

which meant that when removing the samples from the silicone moulds some fragments broke off,

and the samples had to be handled very delicately in order to avoid them disintegrating. This also

was observed, but to a lesser extent, for samples produced using a VF of 0.55. 0.57 was selected

as the VF value to proceed with because the samples still presented sufficient green strength to

be easily removed from the moulds and handled, whilst also presenting a mean pore diameter of

712 µm with an interquartile range of 444 − 871 µm, which, when shrinkage due to sintering has

been accounted for, results in a pore size slightly higher than the desired values of 300 − 600 µm.

Increasing the VF to 0.58 resulted in a significant reduction in pore size, and therefore 0.57 was

selected for further optimisation by varying alternative parameters.

In order to further control the porosity of the resulting samples the MC solution concentration

was altered. Various batches of MC solution were prepared following the methods outlined in

Section 3.2.2 to produce concentrations of 1 − 4 %. These were then used to prepare Ti64 powder

slurry batches with a VF of 0.57 where all the other composition parameters were kept constant.

128



The measured porosity and pore/window sizes of the resulting samples are presented in Figure 74.

The porosity of the samples produced from a slurry mixed with a 1 wt% concentration MC solution

could not be calculated because the samples collapsed when being removed from the silicone moulds

and therefore the mass could not be measured. Pore size measurements were still acquired using

the fragments of the samples that remained after removal.

Figure 74 shows that increasing the wt% concentration of the MC solution from 2− 4 wt% had

no noticeable impact on the pore size of the samples, although a slight reduction in porosity was

observed (4 %). Reducing the concentration to 1 wt% caused an increase in pore size from 712 µm

to 1284 µm, but also resulted in a significant reduction in the green strength of the samples, to

the extent that the porosity could not be calculated because the samples collapsed upon being

removed from the moulds. Whilst the viscosity of the slurries were not measured at this stage,

it was observed that the viscosity increased with MC solution concentration, which agrees with

what was observed in previous studies when developing the gel casting process for different metal

powders [218, 220]. However, Kennedy and Lin highlighted that increasing the concentration of

MC solution used to prepare SS 316L powder slurries up to 4 % resulted in greater slurry stability.

It is desirable to keep the viscosity of the slurries low in order to allow for sufficient foaming and

ensure that they are able to flow, however if required the concentration can be increased to improve

the stability of the slurry. Therefore, the MC concentration was kept at the original 2 wt% in order

to allow for sufficient foaming, and the stability of the slurry was assessed separately (Section 4.2).

The final parameter that was investigated was the whisking time of the slurry. Using the

highlighted VF of 0.57 and a 2 wt% concentration MC solution, batches of the same composition

were mixed and then whisked for 1 − 6 minutes in 1 minute intervals. The measured porosity

and pore/window sizes of the resulting samples are presented in Figure 75. Figure 76 shows a

comparison between the porous structure of samples whisked for 1 minute and 4 minutes. As

discussed in Section 2.6.6, when developing the foam gel casting process for SS 316L powder slurries,

Lin and Kennedy observed that increasing the whisking time of the slurry caused an increase in

pore size and porosity of the resulting samples [243]. The results displayed in Figure 75 confirm

that whisking time has a significant impact on pore size and porosity of the samples, however this

plot does not present a linear relationship between these variables. Increasing whisking time from

1 to 4 minutes resulted in an increase in mean pore diameter from 269 to 710 µm and porosity
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Figure 74: Graph showing porosity and mean pore size (with interquartile range) of dried samples
against wt% MC solution used in the slurry composition.

Figure 75: Graph showing porosity and mean pore size (with interquartile range) of dried samples
against whisking time of the Ti64 slurries.
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from 61.6 % to 78.8 %. A further increase to 6 minutes resulted in a reduction of mean pore

diameter and porosity to 531 µm and 73 % respectively. The observed ‘linear’ relationship in Lin

and Kennedy’s work between whisking time and pore size/porosity most likely does not represent

the whole picture due to the limited data points used to determine the relationship. It is more

accurate to suggest that whisking time increases porosity/pore size up to a point (4 minutes in this

case), beyond which further whisking causes the air bubbles within the slurry to collapse resulting

in a reduction of these properties. It is likely that if whisking was then increased further a periodic

fluctuation of pore size and porosity within a defined range would be observed.

(a) (b)

Figure 76: Optical micrographs showing porous structure of Ti64 samples produced from slurry
whisked for 1 minute (a) and 4 minutes (b).

Of all the slurry composition process parameters, it is evident that whisking time had the most

significant impact on the porosity of the samples. Therefore it can be recommended that when

developing this system for different powders, the other parameters can be optimised to achieve the

desired slurry viscosity and stability of the green samples, and then subsequently the porosity can

be controlled by experimenting with whisking time. For the purpose of this work, a whisking time

of 3 minutes was selected as optimal as it produced dried samples with a pore size distribution and

porosity value that meet the requirements set out in Section 2.9, as discussed further in Section

4.1.4.
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4.1.4 Optimised Slurry Composition and Dried Sample Properties

From the results outlined this section, an optimal set of slurry composition parameters was high-

lighted that produced Ti64 with porosity and pore size distributions that meet the criteria set

out in Section 2.9, once shrinkage during the sintering process has been accounted for. Figure 77

outlines the optimised composition and mixing process for the Ti64 powder slurry. A summary

of the final measured pore size distribution and porosity of the samples produced using the opti-

mised Ti64 slurry composition is provided in Table 7, as well as providing theoretical values for

the pore sizes that account for a 20 % shrinkage due to sintering. When this theoretical shrinkage

is applied, the pore size distribution closely matches the optimal range specified in Section 2.9 of

300 − 600 µm, with over 50 % of the pores being within this size range. As mentioned in Section

1.1.1, previous studies have shown that bone growth occurs within scaffolds with pore sizes rang-

ing from 100 − 1200 µm [20, 197], which means that bone in-growth should in theory be possible

throughout the entire porous structure of the samples produced using this method.

Pore Diameter (µm)

Mean Lower
Quartile

Upper
Quartile

Minimum Maximum Porosity
(%)

Measured 627 414 750 302 1570 76.9

With 20 %
Shrinkage

501 331 600 242 1256 /

Table 7: Table summarising the measured pore size distribution and porosity of the dried samples
produced using the optimised Ti64 slurry composition and mixing procedure.

The results presented in this section demonstrate clearly how foam gel casting can be used to

provide significant control over porosity of resulting material, as highlighted in numerous studies

as discussed in Section 2.6.4. The initial powder VF and whisking time of the slurry in particular

are parameters that can provide a significant level of control over the final porosity of the resulting

dried samples. Previous studies that focus on optimising porosity using the foam gel casting process

have also demonstrated that surfactant concentration can provide further control over the resulting

porosity of dried samples [230, 236, 237], however this parameter was not investigated in this work

because sufficient control was achieved by altering the parameters described in this section.
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Figure 77: Schematic showing the optimised Ti64 slurry composition and mixing process for pro-
ducing material with porosity and pore size distribution that meet the outlined requirements.
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The high level of control over porosity that can be achieved by optimising parameters within

this process suggests that this is a very suitable process for the development of porous scaffolds

for orthopaedic implant material which require specific levels of porosity and pore sizes as already

discussed. Also, due to the nature of the way in which the pores are generated by introducing air

bubbles into the slurry and the natural tendency of these bubbles to coalesce, the resulting porous

structures are well interconnected with large connecting windows with a mean diameter of 256 µm,

which are above the minimum required size for interconnecting windows for optimal bone in-growth

[23]. If in further work the shrinkage due to sintering is found to be different to the 20 % applied

to estimate the final pore sizes, the process can be easily tweaked to produce the desired final pore

size distribution.

The samples produced using the optimised slurry composition and process present high green

strength, enabling them to be easily removed from the moulds and handled, as well as maintaining

their structure when fractured in order to examine the interior porosity. This strength can be

attributed to the properties of the powder used to develop the slurry. As mentioned in Section

4.1.1, AM grade powders are produced to be as spherical as possible because they are required

to flow readily and be easily spread into thin layers so they can then me selectively melted using

typically electron or laser beams (EBM and SLM processes). In addition to being able to flow, the

powders need to be able to pack in a dense manner in order to reduce shrinkage when the powder

is melted/sintered, and it is well understood that spheres can be packed efficiently. As a result,

these powders present suitable properties for developing powder-based slurries that produce highly

stable structures when foamed, gelled and dried. Also, it is likely that these properties contribute

to the high stability of the foamed slurries themselves, as discussed further in Section 4.2.

4.1.5 Testing Mechanical Stability of Dried Foamed Ti64 Slurry Samples

As outlined in Section 3.4.4, a stability test was conducted in order to examine whether the dried

samples would maintain their structure when the MC binder was removed during sintering. Upon

examination after this binder burnout test, the samples retained their structural integrity and could

be safely handled without disintegrating. When fractured to expose the internal porous structure

and examined under a microscope, it was discovered that the porous internal structure of the

samples had remained stable during the burnout of the MC. Figure 78 shows the internal structure
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of a Ti64 powder sample produced using the optimised slurry composition and mixing process as

outlined in Figure 77, after the 650◦C MC burnout test. Whilst the focus of this work is developing

the slurry composition and 3D extrusion process and as such the samples produced in this work

were all analysed as green samples to enable their structures to be analysed quickly and easily, it

was highly important to perform this burnout test at this stage in order to ensure that the samples

can be sintered without simply collapsing.

Figure 78: Optical micrograph showing internal porous structure of optimised Ti64 sample after
MC burnout test.

4.1.6 Estimating Mechanical Properties of Sintered Ti64 Slurry Samples

The highly porous samples produced in this work were not sintered, as discussed further in Section

8.2, and as such it was not possible to analyse the mechanical properties and draw a comparison

against the properties of human bone as well as the data gathered from literature as presented in

Section 2.5. However, using data available in the the literature for porous SS 316L samples produced

using the same method that presented very similar structures and porosities to the porous Ti64

produced in this work, the mechanical properties were estimated.

Lin and Kennedy [243] reported that for a SS 316L sample produced using foam gel casting

with a porosity of 82 % and a mean pore size of 672 µm, the yield strength was measured to be

32.5 MPa, which is 19 % of the yield strength of wrought SS 316L. The structure of this material
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closely resembles the optimised Ti64 samples produced in this work, which presented porosity and

measured pore size (not sintered) of 77 % and 627 µm respectively. Therefore, this same ratio

between porosity and yield strength was applied to the properties of Ti64 to provide an estimate

for the mechanical properties of the material developed here once it has been sintered. Applying

this reduction gives an estimate of 158 MPa, which is slightly greater than the reported range for

cortical bone (100 − 140 MPa). Comparing this against the literature data for yield strength for

a range of porous Ti64 scaffolds (as summarised in Figure 29 in Section 2.5.2), is is clear that this

value is higher than those reported in literature for this level of porosity. This may be explained by

the high packing fraction of powder used to create the slurries which means that the walls of the

scaffold contain densely packed powder which, when sintered, results in an increased mechanical

strength compared with other highly porous scaffolds. Applying the same process to the Young’s

modulus reported by Lin and Kennedy [243] of 7.8 GPa for the SS 316L sample results in an

estimated modulus of 4.7 GPa for the Ti64 material. Whilst this value is slightly below the range

reported for cortical bone (10 − 30 GPa), it is significantly greater than that of trabecular bone

(< 0.5 GPa) and also greater than the values reported in literature for Ti64 with this level of

porosity (as summarised in Figure 27 in Section 2.5.1). Again, this suggests that this process is

capable of producing highly porous structures that maintain impressive mechanical properties when

compared to other processes used to achieve the same level of porosity, which makes it ideal for this

application where the implant material is required to provide structural support in load-bearing

applications whilst also providing a highly porous scaffold.

Overall, whilst these calculated figures are only estimates of the mechanical properties of the

novel material developed in this work, the values are very promising as they suggest that despite

the high level of porosity within the material it may still provide mechanical strength similar to

that of human cortical bone, whilst presenting a porous structure that mimics trabecular bone.

4.2 Extrusion and Stability Testing of Foamed Ti64 Powder Slurry

Having optimised the composition and mixing procedure for the Ti64 slurry to produce dried

samples which presented the desired properties in terms of its porous structure, it was next vital

to determine whether extruding this foamed Ti64 slurry using the syringe from the ZMorph paste

extruder toolhead would have a detrimental effect on this porous structure. It was also important
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to develop an understanding of the stability of the foamed slurry when stored within the syringe,

as this is an influential factor in determining the feasibility of 3D-printing by material extrusion as

a manufacturing method. As described in Section 3.3, a series of experiments were conducted in

order to analyse the stability of the foamed Ti64 slurry when stored within the ZMorph thick paste

syringe, and also in ambient conditions (in an open container). Also, these experiments examined

whether extruding the foamed slurry through a 2 mm diameter nozzle at various speeds has any

effect upon the bubbles and as such the final porous structure of the dried samples.

4.2.1 Observable Decomposition of Foamed Ti64 Powder Slurry Over Time

In order to obtain an initial understanding of the stability of the foamed Ti64 slurry, 50 ml of slurry

was placed in a beaker and left to decompose naturally over time in ambient conditions. Images

were taken of the slurry at regular intervals to observe how it behaved over the timescale. These

images are displayed in Figure 79. Separation of the slurry was observed from 90 minutes onwards,

as shown in Figure 4.2.1, where a layer of sediment can be seen forming at the bottom of the

beaker and bubbles can be seen rising above this layer. By 150 minutes, the foam had completely

collapsed leaving behind a mass of compact powder that was removed after drying, as shown in

Figure 79. Whilst this doesn’t provide a detailed view of the behaviour of the bubbles within the

slurry during this time, it does serve as a basic demonstration that the slurry presents impressive

natural stability. The results from the controlled extrusion experiments presented in Section 4.2.3

provide a more detailed insight into the stability of the foamed slurry over time when stored both

within the syringe and in an open container for up to around 20 minutes.

4.2.2 Effect of Syringe Extrusion Speed on Resulting Porous Structures

As stated in Section 3.5.3 the ZMorph thick paste extruder syringe nozzle has a 2 mm diameter.

With this being greater than the maximum pore size measured within samples produced using

this optimised slurry composition of 1.57 mm, it should in theory be possible to extrude the

slurry through the nozzle without collapsing the bubbles. However, it was necessary to evaluate

this in a controlled environment as described in Section 3.3 in order to determine whether the

pressure applied by the plunger or the shear forces experienced within the slurry as it is extruded

through the nozzle would result in collapsing or coalescing of the bubbles within the slurry. As
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Figure 79: Images showing the decomposition of the Ti64 foamed slurry over time when stored in
a beaker with sediment layer highlighted, and dried sediment from final sample.

mentioned in Section 3.3.3, the typical recommended extrusion speed for the ZMorph paste extruder

is 0.05−0.1 ml/s. Therefore a number of samples of foamed Ti64 slurry were extruded at controlled

speeds between 0.05 − 0.4 ml/s using the custom built syringe driver rig in conjunction with the

Instron 6800 Single Column testing system, before being dried and analysed. Figure 80 shows the

measured pore and window sizes of the samples extruded at various speeds in comparison to the

‘control’ samples which were simply dried immediately after whisking the slurry. The porosity of

each sample was also calculated from the mass and volume measurements, and for all the samples

this value was within the range of 68 − 78 %, but there was no observable relationship between

porosity and extrusion speed.

Figure 80 clearly shows that increasing the extrusion speed from 0.05 ml/s up to 0.4 ml/s had

no measurable effect on the mean pore or window size of the resulting porous structures. The mean

pore diameter of the control samples was measured to be 594 µm, and the measured mean pore

diameters of all the samples extruded at the various speeds were within ±10 % of this value with no

observable relationship between extrusion speed and pore size. It is worth highlighting here that

the mean pore diameter of the control samples from these experiments is encouragingly similar

to the quoted mean pore size of the optimised slurry of 627 µm (Table 7). The slight difference

between the values can be explained by a number of factors related to the sensitivity of the the

slurry mixing procedure and the methods used to measure pore size and porosity as discussed in

Section 2.4.1. These factors also explain the observed scatter that is evident in Figure 80. As
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Figure 80: Graph showing pore and window sizes of dried Ti64 samples against extrusion speed of
the slurry when extruded from the syringe through the 2mm nozzle.

previously stated, scatter is also observed within the calculated porosity values for the samples

extruded at various speeds, however despite this scatter it was evident that no relationship exists

between extrusion speed and porosity/pore size within the range covered by these experiments.

These results suggest that the compressive and shear forces experienced by the foamed slurry are

not sufficient to cause any alterations to the bubbles formed during the whisking process, even

when the extrusion speed is increased beyond the typical range of speeds recommended when using

the ZMorph paste extruder toolhead. It is likely that increasing extrusion speed further would

at some point produce a noticeable difference in porosity of the resulting samples because this

would require a greater pressure to be applied by the plunger resulting in a greater surface tension

in the bubbles within the slurry, which would cause them to coalesce and possibly collapse, as

highlighted in Equation 17 in Section 4.2.3. However, the speeds evaluated in this work already

exceed the speed at which it the slurry is likely to be extruded when deposited using the ZMorph

paste extruder.
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4.2.3 Effect of Syringe Hold Time on Resulting Porous Structures

Figure 82 presents the measured pore and window sizes against the duration the slurry was stored

within the syringe prior to extrusion, along with the pore sizes of control samples which were stored

in an open container in ambient conditions for set durations before being transferred into the oven

to gel and dry, with the first sample being transferred into the oven immediately after the slurry was

whisked. Again, the calculated porosities of the samples extruded from the syringe were all within

a range of 64 − 74 % but there was no observable relationship between hold time and porosity.

Figure 81 compares optical micrographs of samples both held for 20 minutes, with one being held

in the syringe for that time and the other in ambient conditions.

(a) (b)

Figure 81: Optical micrographs of samples from syringe hold time experiment stored for 20 minutes
in the syringe (a) and in an open container (b).

Whilst more control data points would have helped determining the true relationship between

hold time and pore size distribution when the slurry is stored in an open container, the results

clearly show an increase in both mean pore diameter but also in the range of pore sizes present

in the sample over time. This suggests that coalescence of bubbles within the slurry occurs under

atmospheric conditions, meaning bubbles merge together over time forming larger bubbles which

result in larger pores within the dried samples. Initially this occurs without any change in overall

volume of the slurry, until sedimentation begins to occur as discussed in Section 4.2.1. Figure 81

confirms this as it clearly shows an observable increase in pore sizes between control samples dried

after 0 and 20 minutes, with the measured mean pore diameter at these points being 529 µm and

938 µm respectively. The coalescence of bubbles is driven by the natural inclination of bubbles to
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reduce the surface tension within the air/liquid interface. When two bubbles coalesce, the resulting

larger bubble has a lower surface area to volume ratio than the two original bubbles, and therefore

has a reduced surface tension. The widely used Young-Laplace equation (Equation 17) defines how

surface tension relates to the internal and external pressures of a spherical bubble.

Figure 82: Graph showing pore and window sizes (with interquartile ranges) of dried Ti64 samples
against time stored in the ZMorph syringe and in an open container.

Pvap − Pliq =
2γ

R
(17)

Where Pvap and Pliq are the pressure inside (vapour phase) and outside (liquid phase) of the

bubble, γ is the surface tension and R is the radius. Under atmospheric conditions the difference

between the pressure inside and outside the bubbles within the foamed slurry causes coalescence

resulting in instability of the foam, hence why an increase in bubble size over time is observed.

The rate of coalescence of bubbles within pure liquids is rapid, to the point where it often appears

instantaneous when observed, meaning that pure liquids cannot be foamed [287]. The mixing of a

liquid or slurry with a surfactant is well known to increase the capacity for foaming as well as the

stability of the bubbles within the foamed mixture by reducing the rate of coalescence to an order
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of minutes rather than seconds, as is observed within the foamed slurry presented in this work.

Interestingly, no meaningful difference in porosity was observed within the control samples over

the 20 minutes despite the clear increase in pore size. This suggests that whilst bubbles clearly

coalesced over that time to form larger pores, the slurry still remained stable in terms of the bubbles

being retained within the slurry rather than rising to the surface and bursting which would result

in an observed reduction in porosity due to air being released from the slurry.

As can also be seen in Figure 82, for the samples obtained from the foamed slurry held within

the syringe, no difference in mean pore diameter or pore size distribution was observed over the

20 minute time-frame other than typical scatter within the data. Relating this observation to the

Young-Laplace equation (Equation 17), it can be explained by the fact that the syringe plunger

increases the outside pressure (Pliq) hence reducing the pressure difference and surface tension

experienced by the bubbles within the slurry. As outlined in Section 3.3.1, after the syringe has

been loaded with slurry the plunger is compressed whilst the syringe is held upside down in order

to expel excess air. This plunger force increases the pressure on the slurry within the syringe, and

whilst this pressure is not enough to cause slurry to be extruded from the nozzle, it does appear

to have a beneficial impact on the stability of the slurry by preventing the coalescence of bubbles.

The foamed Ti64 slurry is likely to be stable even beyond the 20 minute time-frame, however even

at an extrusion speed of 0.1 ml/s, a full 100 ml syringe load of slurry could be extruded in under

this time. These findings are fundamentally important for demonstrating the feasibility of this

manufacturing method, as it demonstrates that the foamed slurry is stable for long enough when

held within the syringe to be able to extrude all of the material without any decomposition of the

slurry occurring. This means that, providing a track and layer based method of deposition can be

developed, that a 3D structure could be extruded using up to 100 ml of foamed slurry. It also shows

that there is no urgent need to increase the extrusion speed beyond what is typically recommended

in order to ensure that all the slurry can be extruded, which would have been the case if the slurry

showed signs of instability at a certain time.

4.3 Summary of Foamed Ti64 Slurry Development and Extrusion Testing

The work in this chapter presents the systematic development and optimisation of the foam gel

casting process for Ti64, using AM grade powder suspended in a MC solution to create a metal
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powder-based slurry which was then mechanically foamed before gelling and drying. The foamed

slurry composition and mixing procedure development process discussed in Section 4.1 demonstrates

that by carefully controlling various parameters within the process the slurry can be optimised to

produce porous samples with specifically tailored properties, as has been demonstrated broadly for

ceramic powder slurries within previous studies [226, 230, 231, 236–238, 241], and also for a SS

316L powder slurry [220]. The optimised slurry composition developed in this work produced dried

samples containing porous structures that match the requirements outlined in Section 2.9 as being

optimal for orthopaedic implant material. The porous structures not only present the required

porosity and pore size range values, but also are highly interconnected and even contain exclusively

concave surfaces due to the pores being generated by air bubbles, which has been shown to promote

bone in-growth within the material compared with flat or convex surfaces [18]. Figure 77 presents

the final optimised slurry composition and mixing procedure. The final parameters were selected in

order to produce the optimal porosity once a shrinkage factor of 20 % has been applied to account

for shrinkage during sintering, and this shrinkage figure was obtained from existing literature. If

the actual shrinkage of the samples during sintering is discovered to be a factor different to this in

future work, then the information gathered in this section can easily be applied to tweak the slurry

in order to maintain the optimal porosity.

The controlled slurry extrusion experiments discussed in Section 4.2 show that the optimised

slurry can be extruded through the 2 mm nozzle of the ZMorph thick paste extruder toolhead at a

range of speeds both equal to and greater than the typical extrusion speed of this process without

having any detrimental impact on the porous structure of the extruded samples. This work also

highlighted that this slurry is highly stable over 20 minutes (and possibly even longer), particularly

when stored within a syringe with the plunger inserted because the plunger pressure helps to reduce

surface tension and therefore bubbles have a lower tendency to coalesce. Overall, the stability of

the slurry when stored within the syringe and extruded at various speeds is very promising in terms

of being able to progress to extruding full 3D structures with this kind of foamed slurry. This work

demonstrates that the AM grade powder used to develop the slurry, whilst being manufactured to

have optimal properties for AM processes, is also highly suited to this application because of its

ability to pack at high densities due to the sphericity of the powder, contributing the the stability

of the slurry.
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The mechanical properties of the porous samples produced using this process after sintering have

been estimated by comparing against the reported properties of SS 316L samples produced using the

same process which presented very similar porosity, and the estimates suggest that this process is

able to produce highly porous scaffold material which maintains mechanical properties comparable

to those of human cortical bone. These mechanical properties are superior to those reported in

literature for Ti64 with similar levels of porosity manufactured using different processes, which

suggests that this process is ideal for the production of porous Ti64 orthopaedic implant material

due to being capable of producing optimal porous structures which maintain sufficient mechanical

stability for load-bearing applications.

Having optimised the foam gel casting procedure for Ti64 to produce the desired level of porosity

for orthopaedic implants, and demonstrated the high stability of the foamed slurry both over time

as well as when extruded through a syringe nozzle, the next important phase of this work was

to assess and enhance the properties of the slurry for 3D material extrusion. As such, Chapter

5 focuses on optimising the slurry composition in order to increase its suitability for 3D material

extrusion, particularly in terms of balancing viscosity with slurry stability and green strength of

the dried samples.
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5 Chapter 5: Results & Discussion Part II - Optimisation of

Slurry Composition for 3D Printing by Material Extrusion

A key aspect to the development of the 3D extrusion process in this work was the printability of the

foamed slurry, which refers to the ability to extrude stable, continuous individual tracks that merge

effectively and so can then be deposited in a specific pattern to form full continuous layers that

can be built up into 3D structures which are stable and contain a uniform porous structure. The

focus of the work presented in Sections 4.1 & 4.2 was optimising the composition of the Ti64 slurry

in order to produce optimal levels of porosity, and also demonstrating the stability of the foamed

slurry when extruded through a nozzle. However, in order to be able to deposit multiple tracks and

layers that produce continuous 3D foams that are free from defects, the individual extruded slurry

tracks themselves must be stable and continuous. Therefore the aim of this section of experimental

work was optimising the composition of foamed powder-based slurry in order to be able to achieve

this.

Observations from the slurry composition development work regarding the flow of the foamed

slurry when transferring into moulds highlighted concerns about the feasibility of building 3D

structures by depositing single tracks to form full layers. Observations of the initial single tracks

deposited using the previously optimised Ti64 foamed slurry highlighted that the tracks were irregu-

lar in their geometry (track width and height), and even contained numerous points of discontinuity

where no slurry was deposited resulting in breaks in the tracks. These issues in the single tracks

were simply exacerbated when tracks were multiplied to form full single layers and then several

successive layers, leading to significant defects and observable separation between tracks and layers

within the resulting 3D structures, as presented in more detail in Sections 6.2.1 & 6.3.1.

5.1 Ti64 Slurry Viscosity Measurements

By simply observing the flow of the optimised Ti64 powder slurry after mixing/whisking it was

clear that the slurry had a high viscosity. This high apparent viscosity caused issues with loading

the syringe as it was not possible to pour the foamed slurry out of the container it was mixed in,

but rather the slurry had to be manually scooped and transferred into the syringe. This process
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made it difficult to ensure that there was no additional entrapped air within the syringe, and

despite following the procedure outlined in Section 3.3.1 it was still likely that pockets of trapped

air remained within the slurry when loaded within the syringe. As mentioned in Section 2.6.7, there

is a recommended viscosity range when extruding material with the ZMorph thick paste extrusion

toolhead and syringe of 20, 000−70, 000 mPas. Therefore, it was important to quantify the viscosity

of the optimised Ti64 slurry in order to assess whether the apparent high viscosity was the cause

of the issues with track irregularities/defects during extrusion. The viscosity was measured using

the adapted setup as presented in Section 3.4.2 in order to reduce the powder consumption, which

provides repeatable measurements but not necessarily 100 % true measurements. These viscosity

values, along with all the viscosity measurements obtained for the various slurry compositions, are

summarised and corrected against a baseline ‘low-viscosity’ slurry in Table 10, which was measured

using both the correct and adapted setups in order to provide a baseline against which the rest of

the results obtained using the adapted setup could be compared.

Figure 83: Graph showing viscosity of optimised Ti64 foamed slurry against time, measured using
the adapted setup for the Brookfield viscometer at a rotational speed of 1.5 RPM and using the
LV-4 spindle.
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Figure 83 presents the measured viscosity of the optimised Ti64 foamed slurry over 60 seconds.

As explained in Section 3.4.1, when measuring the viscosity of a slurry containing suspended parti-

cles, the particles tend to migrate away from the rotating spindle over time. This is observed in the

results shown in Figure 83 as the viscosity steadily decreases over the 60 second interval. For this

reason, the main value of interest was the ‘initial’ viscosity (i.e. the very first measured viscosity

value), which in this case was 352, 000 cP . This viscosity measurement confirms the initial concerns

raised about the high viscosity of the slurry. The corrected viscosity value for the initial optimised

Ti64 slurry was 246, 154 cP , as presented in Figure 10. Therefore it was clear that the viscosity

of the initial optimised Ti64 foamed slurry was too high and significantly above the recommended

range for extruding material with the ZMorph thick paste extrusion toolhead and syringe. The

issues with the deposited tracks showed that the high viscosity of this slurry prevented it from

flowing continuously from the syringe nozzle and forming tracks with regular geometry. It was

therefore important to focus on altering the composition of the slurry in order to reduce viscosity

and ultimately be able to deposit stable and continuous tracks, which could then be used as the

building blocks to deposited multi-layer structures.

As such, the focus of the next phase of the research was investigating what within the composi-

tion of the optimised Ti64 powder slurry caused it to have such a high viscosity, and also therefore

to explore what aspects of the composition of a metal powder slurries in general have an influence

on the viscosity of the slurry. The literature covering the gel casting process, including foam gel

casting, reviewed in Section 2.6 highlights that various slurry composition parameters can affect

viscosity including powder size, solid loading (volume fraction) and gelling agent concentration.

Therefore, the composition parameters that were investigated in this work included; powder size,

dispersant addition quantity, choice of specific chemical dispersant and the powder volume fraction

used to calculate quantities of each of the slurry components. The high stability of the foamed opti-

mised Ti64 slurry, as well as the strength of the dried samples and their internal porous structures,

were all highlighted as being optimal for this application in Chapter 4. Therefore, it was important

when optimising the slurry viscosity for extrusion from the syringe to maintain these properties as

much as possible.
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5.1.1 Investigating the Effect of Powder Size on Slurry Viscosity

The AM grade Ti64 powder described originally in Section 3.1.1 was the only Ti64 powder available

for this work, due to the high cost of the material. However, a selection of SS 316L powders were

available, as outlined in Section 3.1.2, which provided a range of powder size distributions that

could be used to investigate the effect of powder size on slurry viscosity. The previously described

powders are referred to as ‘fine non-AM grade’, ‘∼ 50 µm AM grade’ and ‘∼ 100 µm AM grade’.

The particle size distributions for each powder are presented in Figure 50 and Table 5, and the

particle shape for each can be observed in Figure 49. Foamed slurries were produced using each of

these three powders, following the same method outlined for the Ti64 powder slurry in Section 3.2.

Table 8 presents a summary of the basic compositions the slurries produced using each of these

powders. At this stage the dispersant and surfactant were added using the same ratios as the Ti64

powder slurry, which were 1.5 wt% of the powder mass and 1.5 vol% of the MC solution respectively.

Also, each of the SS powder slurries were whisked for 2 minutes. Figure 84 presents the measured

viscosity of the foamed slurries produced using each of the 3 grades of SS 316L powder over 60

seconds. The initial measured value for each slurry was 29, 840 cP , 125, 200 cP and 136, 400 cP for

powders a, b and c respectively.

Grade of SS 316L powder used

Powder a -
fine non-AM

grade

Powder b -
∼ 50 µm AM

grade

Powder c -
∼ 100 µm AM

grade

Calculated Packing Fraction Range 0.45 − 0.6 0.57 − 0.63 0.55 − 0.63

Volume Fraction 0.45 0.57 0.55

2 % MC Solution Volume (ml) 13.75 10.75 11.25

S
lu

rr
y

C
o
m

p
o
si

ti
o
n

Powder Mass (g) 90 114 110

Darvan 7-N Dispersant Volume (ml) 1.35 1.7 1.65

Triton X-100 Surfactant Volume
(ml)

0.2 0.16 0.17

Table 8: Table summarising slurry compositions produced using different grade of SS 316L powder.

The results presented in Figure 84 show that the size of the powder particles used to create a
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slurry has a significant impact on its viscosity. The initial viscosity of the slurry produced with

SS 316L powder a, which has median particle diameter of 7.2 µm, was 29, 840 cP . The median

diameter of powder b was measured to be 28.7 µm, which is only a relatively small increase from

powder a, however this difference resulted in an significant increase in the initial viscosity which

was measured to be 125, 200 cP . Powder c has a much greater median particle size of 76.4 µm,

however only resulted in a small increase in initial measured viscosity of 136, 400 cP . This data

suggests that increasing powder particle size causes an initially significant increase in viscosity, but

further increase in particle size has a lesser impact on viscosity. It is difficult to draw concrete

conclusions with only 3 different powder sizes to compare, although it is clear that powder size

has an observable impact on slurry viscosity and particularly that reducing the particle size can

be a highly effective way to decrease slurry viscosity. As discussed in Section 2.6.5, Li et al. [218]

also observed when mixing iron powder slurries using powders with average diameter of 3 µm and

30 µm that the larger powder size resulted in higher viscosity of the slurry. The slurries produced

by Kennedy and Lin [220] which used SS 316L powder with an average diameter of 9 µm, whilst

not being foamed, showed excellent stability with both 2 and 4 wt% MC solution at high volume

fractions of 50 and 60 %.

The evidence from the literature along with the observations from this work regarding powder

size and slurry viscosity collectively suggests that it is optimal, when mixing metal powder slurries,

to use powder with an average diameter < 10 µm in order to achieve relatively low viscosities whilst

maintaining high slurry stability. This appears to provide a straightforward solution to the issue

of very high foamed Ti64 slurry viscosity, however the volatility of Ti64 presents complications.

Titanium powder has a high risk of spontaneous combustion due to oxidation, and even powders

around 50 µm in size have to be handled carefully. Fine powder of < 10 µm particle size would

have to be handed in an inert atmosphere, and would therefore be unsuitable for this process. Also,

because of the extreme volatility of very fine Ti64 powder it is difficult to source. It is possible

to purchase AM grade Ti64 powder at < 25 µm, which may produce better results in terms

of slurry viscosity, however even with this slightly reduced powder size it is likely that further

slurry composition optimisation would be required in order to achieve a suitable viscosity for this

application.
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Figure 84: Graph showing viscosity against time for slurries produced using different SS 316L
powders, measured using the adapted setup for the Brookfield viscometer at a rotational speed of
1.5 RPM .

5.1.2 Investigating the Effect of Dispersant Addition on Slurry Viscosity

The effect of dispersant addition on slurry viscosity was also investigated, for both AM grade Ti64

powder slurries and AM grade SS 316L powder slurries. Initially, the dispersant addition for the

optimised Ti64 foamed slurry was increased from the existing addition of 1.5 wt% in 0.5 wt%

intervals. The rest of the slurry composition parameters were kept constant as outlined in Figure

77. Viscosity was measured following the same methods as previously outlined, and Figure 85

shows the initial measured viscosity values for each wt% dispersant addition.

For comparison, the dispersant addition was also varied within the SS 316L powder b slurry,

as this powder has very similar size and geometry to the Ti64 powder used. As the viscosity of

this slurry was already significantly lower than the Ti64 slurry, rather than simply increasing the

dispersant addition, it was both increased and decreased by intervals of 0.5 wt%. As well as the

volumetric quantity of dispersant being varied, the impact of using an alternative dispersant was

also examined within the Ti64 foamed slurry. Dispex AA 4040 (BASF - Formulation Additives,

Germany) was applied as a dispersant instead of Darvan 7-N. Dispex AA 4040 is a solution of

150



an ammonium salt of an acrylic polymer in water, and is typically used for the dispersion of

pigments within paint solutions. Like Darvan 7-N it is defined as an anionic dispersant, and the

two dispersants have a similar composition and behave in similar ways. Foamed Ti64 slurries were

produced with a few different wt% additions of the alternative dispersant. Figure 86 compares

the initial viscosity measurements for foamed Ti64 and SS 316L slurries with various Darvan 7-N

dispersant additions, as well as the foamed Ti64 powder slurries with various additions of Dispex

AA 4040 as an alternative dispersant.

There is limited literature that covers the impact of dispersant addition on slurry viscosity, or

comparing different types of dispersant and how efficient they are at dispersing different powders.

However, Kennedy and Lin examined the influence of dispersant addition on viscosity of SS 316L

powder slurries at different powder volume fractions and gelling agent solution (in this case MC)

concentrations [220]. The dispersant used in their work is the same as what was used in the

development of the initial optimised Ti64 slurry composition in this work, Darvan 7-N. Figure 41

(Chapter 2) is taken from their work and shows that the increased addition of dispersant as a wt%

of powder mass within the slurry resulted in a decrease in viscosity. For 2 % MC concentration

slurries with high volume fractions of 0.55 and 0.6 (referred to as 55 % and 60 %), the initial

increase in dispersant addition from 0 to 1 wt% resulted in significant reductions in viscosity, and

then up to 2.25 wt% they observed further reductions but at a reduced rate. This suggests that

for metal powder slurries with high powder volume fractions, as in this work, the addition of

dispersant is essential for controlling viscosity, however there may be a limit on how much viscosity

can be reduced solely by increasing dispersant addition. Therefore it was important to explore and

understand the impact of dispersant addition on the Ti64 powder slurry developed in this work,

and whether it could be used to control viscosity and produce a slurry more suitable for extruding

through a nozzle to produce stable continuous tracks.

Figure 85 shows the graph of initial foamed slurry viscosity of Ti64 slurries mixed with various

dispersant additions. The relationship observed is similar to that presented by Kennedy and Lin

[220] in that increasing dispersant addition resulted in a decrease in viscosity, but the rate of

decrease reduces at higher dispersant additions. The dispersant addition was increased from the

initial amount of 1.5 wt% rather than from 0 wt% as the previously optimised slurry contained this

dispersant addition but presented a very high viscosity, and therefore the aim was to see if viscosity
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Figure 85: Graph showing ‘initial’ viscosity values of foamed Ti64 powder slurries mixed with
various dispersant additions.

Figure 86: Graph showing initial viscosity values of foamed Ti64 and SS 316L powder slurries with
various additions of Darvan 7-N or Dispex AA 4040 dispersants.
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could be reduced by increasing dispersant addition. Whilst increasing the dispersant addition

clearly reduced the measured viscosity of the foamed Ti64 powder slurry, there was observed to be

a limit that the values approached which of around 100, 000 cP . Also, as highlighted in Section

5.2.1, the higher dispersant additions of 3.5 and 4 wt% produced dried samples which were unstable

and collapsed upon removal from the moulds, making them unsuitable for this application. The

slurry produced with a 2.5 wt% dispersant addition was the greatest addition which still produced

a suitably stable dried sample, but the initial viscosity of this slurry was 182, 000 cP which was

still too high.

Figure 86 compares the impact of dispersant addition on the viscosity of both the AM-grade

Ti64 powder slurry and the AM-grade SS 316L powder slurry (SS 316L powder b). Altering the

dispersant addition within the SS 316L powder slurry had a more significant impact on the viscosity

than it did for the Ti64 powder slurry. Increasing the addition to just 2 wt% reduced the viscosity of

the foamed slurry down to 29, 360 cP , although as highlighted in Section 5.2.1 this slurry produced

samples that had inadequate stability when dried. The reason for the difference observed between

the impact of dispersant addition on the Ti64 and SS 316L powder slurries is not clear, particularly

because, as previously discussed, the size distribution, geometry and packing fraction of the powders

are all very similar. The only major difference between them is the bulk density of the materials

(4.5 g/cc for Ti64 and 8 g/cc for SS 316L). Initially it was assumed that the higher density of

the SS 316L powder would make it more difficult to disperse within a slurry, however the results

presented clearly show that the SS 316L powder produces lower viscosity slurries than the Ti64

when the slurries have the same composition. The difference in bulk density does however mean

that for the same wt% addition of dispersant a greater volume of dispersant is added for the SS 316L

slurries. This is due to the fact that the powder addition is based on volume which is converted

into a mass as outlined in Section 3.2.1, and therefore a greater mass of SS 316L powder is added

to a slurry than to a Ti64 powder slurry with the same VF. In order to draw a more accurate

comparison between the impact of dispersant addition on Ti64 and SS 316L powder slurries the

wt% additions were converted into vol% additions and Figure 86 was plotted again for vol% instead

(Figure 87). Plotting the data in this way shows that the initial rate at which viscosity decreases

with dispersant addition is similar for both SS 316L and Ti64 powder slurries, however beyond

12 − 13 vol% the viscosity of the SS 316L slurry continued to decrease whereas the Ti64 slurry
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remained fairly constant at a higher value.

Figure 87: Graph comparing vol% addition of Darvan 7-N dispersant on the viscosity of foamed
Ti64 and SS 316L powder slurries.

These experiments show that the Darvan 7-N dispersant appears to be more effective at dispers-

ing SS 316L powder than Ti64 powder, and as a result slurries with lower viscosity can be achieved

when using SS 316L powder than Ti64 powder slurries with the same composition. As outlined

in Section 2.6.3, there is an understanding that certain dispersants are more effective than others

at dispersing powders within slurry suspensions, which is likely to be linked with the pH of the

slurry and how this interacts with the charge of the powder particles. Despite this however, there

is very limited information available in existing literature comparing the effectiveness of different

dispersants for producing metal powder slurries, and as such there is clear scope for work to be done

in this area. Due to time and resource limitations within this research an extensive comparison of

a variety of dispersants could not be conducted, however one alternative dispersant (Dispex AA

4040) was selected to produce foamed Ti64 slurries. The viscosity of the slurries produced with

different wt% additions of this dispersant are also presented in Figure 86. Using this dispersant

did result in a slight decrease in slurry viscosity for all wt% additions, however the viscosity of

the slurries was still high, and as highlighted in Section 5.2.1 the stability of all the dried samples
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produced from these slurries was insufficient.

Overall, altering the dispersant addition by itself was not able to produce foamed Ti64 slurries

with suitable viscosities for extrusion. These experiments demonstrated that for both SS 316L

and Ti64 powder slurries, it is possible to add up to around 12 vol% (corresponding to 1.5 wt%

and 2.5 wt% for SS 316L and Ti64 respectively) Darvan 7-N dispersant and still produce suitably

stable dried samples, but any increase beyond this has a detrimental impact. As a result, the

lowest viscosity of Ti64 slurry achievable by increasing dispersant addition was 182, 000 cP and

125, 200 cP for SS 316L slurry. These viscosity values are still above the desired range for material

extrusion using the ZMorph paste extruder toolhead, therefore alternative methods of reducing

viscosity were explored.

5.1.3 Investigating the Effect of Powder Volume Fraction on Slurry Viscosity

As highlighted in Section 2.6.4, it is well documented that reducing the volume fraction (VF) used

to calculate the ratios of powder to gelling agent solution when mixing a powder-based slurry (often

referring to as ‘solid loading’ of the slurry), results in a decrease in the viscosity of the slurry. The

VF values used when mixing the previous slurries had all been relatively high as a result of these

values being selected using the calculated packing fractions for the individual powders which are

greater than the values typically used for producing slurries using non AM-grade powders. This

is likely to be a heavily influential factor in determining the viscosity of the slurries. A volume

fraction of 0.57 was used for mixing slurries with both the AM grade Ti64 powder and the AM

grade SS 316L powder with similar properties (powder b). Slurries were therefore mixed with both

of these powders but using a VF of 0.5, with all the other quantities being calculated following the

same method as outlined in Section 3.2.1. The only other value that was altered was the addition

of Darvan 7-N dispersant which was increased to a 2.3 wt% addition for the Ti64 powder slurry

only, so that the actual volume of dispersant added would be the same as the volume added to the

reduced VF SS 316L slurry. The viscosities of these reduced VF foamed slurries were measured,

and Table 9 presents the initial measured values, along with the initial viscosity values for the

original foamed slurries with a VF of 0.57.

The data presented in Table 9 agrees with the information available in the literature that a

higher ratio of powder to gelling agent solution results in a greater slurry viscosity. However, the
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Ti64 Powder SS 316L Powder

Volume Fraction 0.5 0.57 0.5 0.57

Initial Slurry
Viscosity (cP)

176,000 352,000 44,960 125,000

Table 9: Measured initial viscosity values for Ti64 and SS 316L powder foamed slurries mixed using
different VF values.

data also presents the same challenge highlighted in the dispersant addition experiments which

is that the reduced VF Ti64 powder slurry still had a high measured initial viscosity value of

176, 000 cP . Even with the combination of a reduced VF and increased dispersant addition it

was not possible to create a foamed Ti64 powder slurry with a suitably low viscosity. However,

the reduced VF SS 316L slurry had an initial measured viscosity of 44, 960 cP which is within

the highlighted optimal range and, as described in Section 5.2.3, the stability of the resulting dried

samples was sufficient in order to be easily removed from the mould and handled. This composition

of SS 316L powder slurry was therefore highly significant as it was the only slurry which presented

a viscosity within the desired 20, 000− 70, 000 cP range whilst also producing suitably stable dried

samples. This slurry composition was selected, along with the Ti64 slurry with reduced VF and

increased dispersant addition, for further stability and extrusion testing.

5.1.4 Foamed Slurry Viscosity Correction

As discussed in Section 3.4.2, an adapted viscometer setup was used when measuring slurry viscosity

in order to reduce consumption of powder whilst still being able to draw direct comparisons between

different slurries. In order to evaluate the ‘true’ viscosity measurements obtained for the various

foamed slurry compositions using the adapted viscometer setup (shown in Figure 56), a viscosity

measurement was taken for one of the slurries using the correct viscometer set-up (Figure 56a) to

provide a baseline comparison between the two viscometer set-ups which could then be used to

provide an estimate for what the true viscosity would be for each of the other slurries. The foamed

slurry selected to provide the baseline measurement was the SS 316L slurry with a VF of 0.5 as

this was the slurry with the lowest measured initial viscosity using a powder that closely matches

the AM grade Ti64 powder in terms of morphology. The true initial viscosity for this slurry was
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measured to be 31, 360 cP at a spindle speed of 1.5 RPM (as previously used), which gives a ratio

of measured viscosity to true viscosity of 1.43 : 1. Interestingly, this same comparison was measured

for a 2 wt% MC solution which gave measured and true viscosities of 396 cP and 276 cP , which

also gives the ratio of 1.43 : 1. This ratio was then used to estimate values for true viscosity of each

of the slurry compositions that were of particular interest, and the resulting values are presented

in Table 10. The accuracy of these ‘true’ viscosity values cannot necessarily be fully relied upon,

apart from the value for the specific that was actually measured correctly. However, having a true

measured value for the selected SS powder slurry, as well as the adapted set-up measurement value,

allows comparisons to be made between the various other slurries that were measured using the

adapted set-up whilst significantly reducing the quantity of powder that would have been consumed

if all the slurry viscosities were measured using the recommended viscometer set-up (Section 3.4.2).

Powder SS 316L Ti64

Volume
Fraction

0.5 0.57 0.5 0.57 0.57 0.57

Dispersant
Addition

1.5 wt%
Darvan

7-N

1.5 wt%
Darvan

7-N

2.3 wt%
Darvan

7-N

1.5 wt%
Darvan

7-N

2.5 wt%
Darvan

7-N

2.5 wt%
Dispex AA

4040

Measured
Viscosity

(cP)

44,960 125,000 176,400 352,000 182,000 91,200

True
Viscosity

(cP)

31,360 - - - - -

Estimated
True

Viscosity
(cP)

- 87,413 123,357 246,154 127,272 63,776

Table 10: Summary of measured viscosity values and estimated true viscosity values for key foamed
slurry compositions.

5.2 Stability of Slurries with Reduced Viscosity and Resulting Dried Samples

It was highlighted in Section 4.2 that the initial optimised Ti64 foamed slurry presented high

stability over a duration of at least 20 minutes, particularly when stored within the ZMorph thick
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paste extruder syringe. Also, as mentioned in Section 4.1 the green strength of the extruded samples

once dried is sufficient to allow them to be easily removed from the moulds and handled without

crumbling or collapsing. The foamed slurry stability, as well as the green strength of dried samples,

were analysed for the various slurry compositions where viscosity had been reduced, in order to

understand the impact of the changes in composition on the stability of the slurry/dried samples.

The results from the syringe hold time and extrusion speed experiments for the selected slurries

with altered compositions are presented in this section, along with the observations regarding the

stability of the dried samples. As highlighted in Section 4.2.3, no variation was observed in measured

pore size or porosity of samples produced by extruding the initial optimised Ti64 slurry from the

syringe after being held for up to 20 minutes. It was assumed that the viscosity of the Ti64 slurry,

whilst causing issues with extrusion of stable tracks, may be the reason for the impressive stability

of this slurry composition. Therefore, it was important to identify the impact of any composition

alterations that resulted in a reduced slurry viscosity on the stability of the slurries.

5.2.1 Stability of Foamed Slurries with Increased Dispersant Addition

For the Ti64 slurries with increased wt% Darvan 7-N dispersant additions, the stability of the

dried samples was initially analysed by simply examining them seeing if they could be removed

from the moulds and handled without disintegrating. All the samples produced from slurries with

up to 2.5 wt% were easily removed from the moulds and remained intact (Figure 88a). The 3 wt%

dispersant sample experienced some crumbling and left behind a layer of disintegrated sample

within the mould, and the 3.5 wt% and 4 wt% samples collapsed whilst drying and completely

disintegrated into a powder when removed from the moulds (Figures 88c & 88d). It has been

shown in previous studies that increasing dispersant concentration beyond the optimal point leads

to a reduction in stability of the foamed slurry and an increased rate of sedimentation of the powder

[225, 234]. Therefore, it seems logical that the green strength of the dried samples would also be

detrimentally affected, as demonstrated in this work. Also, excessive addition of dispersant to the

slurry will affect the concentration of the MC solution by increasing the liquid content, and it is

well understood from literature that the green strength of dried samples is impacted by the gelling

agent concentration [288]. It may also be the case that the dispersant chemically impacts the gelling

process, which could explain the low green strength of the high dispersant addition samples. All
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the Ti64 samples produced from slurries using Dispex AA 4040 dispersant instead of the original

Darvan 7-N dispersant were quite weak in comparison, and proved difficult to remove from the

mould without crumbling occurring. The samples produced from 1.5 wt% and 2 wt% retained

some structure once removed from the mould, as shown in Figure 88b, however the 2.5 wt% sample

could not be removed from the mould without disintegrating. Again, this may be explained by the

way in which this specific dispersant interacts with the gelling behaviour of the MC.

(a) (b)

(c) (d)

Figure 88: Images showing stable dried sample (a) produced from Ti64 powder slurry with 2.5 wt%
Darvan 7-N dispersant addition, weak crumbling sample (b) produced from slurry with 2 wt%
Dispex AA 4040 dispersant addition, and collapsed dried samples (c and d) produced from slurry
with 4 wt% addition

The 2.5 wt% Darvan 7-N slurry was the lowest viscosity slurry using this dispersant that pro-

duced a suitably stable dried sample. The stability of this foamed slurry was investigated further by
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completing syringe hold time and extrusion speed experiments as described in Section 3.3, so that

it could be compared to the initial optimised Ti64 powder slurry. The results of these experiments

are displayed in Figures 89 & 90. These plots show that it was still possible to extrude the slurry

mixed with this composition from the ZMorph thick paste syringe at a range of speeds around

the typical extrusion speeds without impacting the porous structure of the resulting samples when

dried. However, the syringe hold time data (Figure 89) suggests that the stability of this foamed

slurry was affected by the increase in dispersant addition. The mean measured pore diameter of

the dried samples produced by extruding the foamed slurry after being held in the syringe for up

to 800s was consistent with the pore sizes measured within the initial control sample. However,

the samples produced after the slurry was held for longer than this time period showed an increase

in mean pore diameter which suggests that the bubbles within the foamed slurry were beginning

to coalesce and the slurry therefore beginning to decompose. These results suggest that this com-

position would still be suitable for the process of 3D-printing structures by extrusion as long as

the build process could be completed with 800s of the slurry being whisked and loaded into the

syringe. Beyond this, the decomposition of the slurry would be likely to have a detrimental impact

on the quality of the 3D-printed structure.
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Figure 89: Graph showing porosity and mean pore diameter against time held in syringe, as well
as mean pore diameter of a control sample, for Ti64 powder slurry mixed with 2.5 wt% Darvan
7-N dispersant.

Figure 90: Graph showing porosity and mean pore diameter against syringe extrusion speed, as
well as mean pore diameter of a control sample, for Ti64 powder slurry mixed with 2.5 wt% Darvan
7-N dispersant.
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5.2.2 Stability of SS 316L Foamed Slurries

As the AM-grade SS 316L powder (SS powder b) was used produce slurries for viscosity comparison

against the AM-grade Ti64 powder slurries, it was important to also be able to compare the

stability of the slurries produced with these two powders. The SS 316L powder slurry with the

same composition as the highly viscous and stable Ti64 power slurry presented a significantly lower

viscosity (125, 200 cP as opposed to 352, 000 cP ). For the samples produced from the different

SS 316L powders (a, b and c as described in Table 8), the stability of each was initially examined

by analysing the samples upon removal from the moulds after drying. Samples produced using

powders a (Figure 92a) and b (Figure 92b) were easily removed from the moulds once dried and

remained intact apart from some very light crumbling around the edges of the bottom surface,

whereas the samples produced using powder c (Figure 92c) completely disintegrated upon removal

from the mould, which again agrees with what has been observed in previous studies that larger

powder sizes result in more stable slurry suspensions, which in turn has a detrimental impact on

the green strength of the dried samples [218].

Figure 91: Graph showing porosity and mean pore diameter against time held in syringe, as well as
mean pore diameter of a control sample, for SS 316L powder b slurry mixed with 1.5 wt% Darvan
7-N dispersant.
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Increasing the Darvan 7-N dispersant addition to 2 wt% within the SS 316L powder b slurry

resulted in an increase in the level of crumbling that was observed when the resulting dried sample

was removed from the mould. The green strength of the original SS 316L powder b sample with

1.5 wt% Darvan 7-N dispersant addition was deemed to be sufficient, and so the stability of the

foamed slurry itself was analysed by performing a syringe hold time experiment following the same

method as described in Section 3.3. Figure 91 shows the average pore size and porosity of the dried

samples against the time the foamed SS 316L slurry was held within the syringe before extruding.

The results show that the slurry remained fairly stable within the syringe over the 20 minutes it was

held. There is a reasonable amount of scatter in the data, however it doesn’t show any continuous

increase/decrease in the measured pore sizes or porosity of the dried samples suggesting that the

structure of the foamed slurry remained consistent over the hold time. The final data point for

pore size of the sample extruded after 20 minutes shows a higher value which suggests at this point

the bubbles within the slurry may be beginning to coalesce, however prior to this point the pore

sizes are reasonably consistent. It can therefore be concluded from this experiment that the foamed

SS 316L slurry with the same composition as the initial optimised Ti64 slurry, whilst presenting

significantly lower viscosity, is sufficiently stable when stored within the ZMorph syringe for up to

at least 15 minutes, which at an extrusion speed of 0.1 mm/s would be more than long enough to

extrude a full 100 ml syringe of slurry, if extruding continuously.

(a) (b) (c)

Figure 92: SS 316L powder samples produced from slurries using SS 316L powders a (a), b (b) and
c (c) as described in Table 8.
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5.2.3 Stability of Foamed Slurries with Reduced Powder Volume Fraction

For both Ti64 powder and SS 316L powder b, samples were produced from slurries that were mixed

using a reduced powder volume fraction to calculate the ratio of powder to MC solution. The dried

samples produced with both powders from slurries with V F = 0.5 were sufficiently stable and

were cleanly removed from their moulds without any crumbling or disintegration, as can be seen

in Figure 93. Syringe hold time experiments were also completed for both of these foamed slurries,

and the results are presented in Figures 94 & 95. The Ti64 and SS 316L powder slurry initial

compositions were calculated based on a VF that was as close as possible to the packing fraction

range for each powder, as previous studies have demonstrated that a greater VF helps to produce

slurries and dried samples that are highly stable, as well as reducing the shrinkage that would occur

during sintering of the samples [239, 240]. The data presented in Figure 94 for the reduced VF Ti64

slurry presents no significant deviation in pore size or porosity over the 20 minute hold time, which

demonstrates that the stability of the foamed slurry was not affected by reducing the powder VF.

In contrast, the SS 316L data (Figure 95) shows a clear increase in mean pore diameter with hold

time, particularly beyond 600s, demonstrating that the bubbles within the slurry begin coalescing

after around this duration. Before this point there is scatter within the data, but not necessarily

enough to suggest that the slurry is decomposing. It can be recommended then that the slurry

is suitable for 3D-printing by extrusion providing that the slurry is extruded within 600s of being

whisked and loaded into the syringe, which presents complications as discussed in Chapter 7.

(a) (b)

Figure 93: Dried SS 316L (a) and Ti64 (b) powder samples produced from slurries using a reduced
volume fraction of 0.5.
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Figure 94: Graph showing porosity and mean pore diameter against time held in syringe, as well
as mean pore diameter of a control sample, for Ti64 powder slurry mixed with powder VF of 0.5.

Figure 95: Graph showing porosity and mean pore diameter against time held in syringe, as well
as mean pore diameter of a control sample, for SS 316L powder slurry mixed with powder VF of
0.5.
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5.2.4 Relating Syringe Compression Force and Slurry Viscosity

The slurry compositions selected for syringe compression force testing were the Ti64 slurry with a

VF of 0.57 and the SS 316L slurry with a reduced VF of 0.5, which are defined as ‘Ti H’ and ‘SS

L’ slurries later in Table 11, as these offer the two extremes with regard to viscosity as presented

in Section 9. It had been previously assumed that the viscosity of the powder based slurries was

a highly influential factor regarding the ability to extrude stable continuous tracks that can then

be built up into full deposited layers of slurry using the the ZMorph thick paste extruder toolhead

syringe. Therefore, the extrusion behaviour of each of these key slurry compositions, particularly

the compression force required to extrude the slurry through the nozzle, was investigated. Figure 96

presents the force/displacement data for extruded 10 ml samples of each foamed slurry composition,

obtained using the methods outlined in Section 3.3. For each slurry composition, two plots are

displayed which are labelled ‘early’ and ‘late’ extrusions. The ‘early’ extrusion corresponds to

the first 10 ml extrusion where the syringe is fully loaded with slurry, and the ‘late’ refers to an

extrusion when most of the slurry has been extruded and the plunger is positioned close to the

bottom of the syringe. It should be noted that, as explained in Section 3.3.3 when discussing the

velocity profiles of the fluid flow during different stages of extrusion (as presented in Figure 54),

that the final 10 ml of slurry was not extruded because this would cause the foam to collapse and

cause issues with the compression force data. Therefore, the ‘late’ extrusion for each slurry stopped

at the point where 10 ml of slurry still remained in the syringe.

The syringe plunger force/displacement plots displayed in Figure 96 provide a number of insights

that help to explain the relationships between slurry viscosity and extrusion behaviour. The initial

steep gradient in all the curves represents the force required to overcome the plunger friction and

compression of the fluid for extrusion to then begin. For the SS L slurry, both the early and late

extrusions have very similar force plots, showing that there is little difference in the behaviour of the

slurry regardless of the stage of extrusion in terms of how it flows from the syringe. It is interesting

that the early extrusions for both Ti H and SS L slurries also have very similar force plots over

the 10 ml extrusion, however the late extrusion for the Ti H slurry presents a much greater force

value (roughly double that of the other plots) throughout the extrusion. The extrusion force of

both SS L extrusions and the early Ti H extrusion are very similar values to the extrusion force
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of the empty lubricated syringe. For these extrusions, this demonstrates that the force required to

extrude the slurry through the nozzle is negligible compared with the force required to displace the

plunger itself. Only the late Ti H slurry extrusion shows an increase in force applied beyond the

plunger force.

Figure 96: Graph showing plunger compression force against displacement for 10ml extrusions of
foamed TiH and SSL slurries, and the empty lubricated syringe. The ‘early’ and ‘late’ extrusions
refer to extruding when the syringe is full and nearly empty (but still > 10 ml) respectively.

This suggests that during extrusion of a full syringe of Ti H slurry there is a steady build

up of pressure, potentially due to compression of the foamed slurry. The scattered movement in

plunger force during the late extrusion of the Ti H slurry shows that the extrusion of material

from the syringe nozzle is inconsistent and pressure builds up and then is released in short bursts

of extrusion, rather than forming a continuous flow of material from the nozzle. This scatter also

suggests that, as mentioned in Section 5.1, there are small pockets of trapped air that are caused

by the viscosity of the slurry and the syringe loading process. These pockets of air are likely to

disrupt the extrusion of material, particularly when extruding the later extrusions because they

will slowly move upwards within the syringe and then be forced through the nozzle later on. It is

clear that there was no incremental build up in pressure within the syringe for the SS 316L slurry
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extrusions, and no scattered force readings. This suggests that this slurry composition would be

the most suitable for extruding regular and consistent tracks of material as there should be a steady

flow of material from the nozzle from the initial compression of the plunger through to the final

material being extruded (apart from the last 10 ml as previously discussed).

The observations from the plunger force displacement plots match logically with the measured

viscosities of each slurry as presented in Figure 9. The extremely high measured viscosity of

the initial optimised Ti H slurry composition causes the build up of pressure within the syringe

throughout the four consecutive extrusions, because a greater plunger pressure is required to extrude

the slurry. When this pressure is reached, the viscosity of the slurry prevents it from forming a

steady flow and instead the slurry is extruded in inconsistent bursts. Also, the viscosity of this

slurry makes it very difficult to load the syringe without incorporating unwanted pockets of air, and

these air pockets disrupt the extrusion of material by compressing and also being forced through

the nozzle causing drops in the plunger force and inconsistencies in the material flow, as observed

later in Section 6.1.1. The SS L slurry presented a comparably low measured viscosity within the

recommended range, and this slurry was able to produce a steady consistent flow of material from

the syringe nozzle when the plunger was compressed even from the first extrusion. This is observed

in the plunger force/displacement plots because the maximum force is consistent for each extrusion.

These results confirm the prior assumptions that the viscosity of the foamed powder slurries has a

significant impact on the ability to extrude them continuously through a syringe nozzle to produce

consistent tracks of deposited material, which is discussed further in the development of the actual

printing processes in Chapter 6.

5.2.5 Compressive Strength of Green Samples

The green strength of the dried samples produced from various slurry compositions and powders

analysed in this work so far had been examined simply through observing how easily the samples

could be removed from their moulds and manually handled. In order to gain a more accurate and

quantifiable picture of the strength of the dried powder samples, mechanical compression testing

was performed on samples produced from each of the key slurry compositions outlined in Table 11

using the method outlined in Section 3.4.5.

Figure 97 shows the dried SS L sample both during and after the compression testing, and
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Figure 98 presents the force/displacement data for the compressions of each of the 4 samples.

Only the initial 5 mm of the 20 mm overall displacement is presented, because the data beyond

this simply shows a steady increase in force for all of the samples as the samples’ structures have

collapsed and the residual powder is simply being compressed between the plates which provides

no relevant information regarding the strength of the green samples.

(a) (b)

Figure 97: Images showing compression testing of dried SS 316L sample produced from slurry with
VF 0.5 (SS L).

It was previously assumed that reducing the powder volume fraction within the slurries would

negatively impact the green strength of the dried samples, as well as the level of shrinkage that

occurs during drying and sintering as highlighted in existing literature [289]. The compression

force/displacement plots for the dried green samples produced from the four key slurry compositions

presented in Figure 98 show that, whilst there is a slight reduction in the maximum compressive

strength for both Ti64 and SS 316L samples with reduced powder volume fraction, the impact is

not significant. Instead the data shows that it is the powder used that had a much more significant

impact on the compressive strength of the green samples. The yield strength values for each sample

were calculated using the load at yield as highlighted in Figure 98 and the known cross-sectional

area of the samples. The SS 316L powder samples presented higher yield strength than the Ti64

powder samples of 0.034 and 0.03 MPa for SS H and L respectively, compared with 0.012 and

0.01 MPa for Ti H and L respectively. The reason for this difference is not clear, however it is
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likely to be linked with the difficulties experienced with dispersing the Ti64 powder within the

slurry, as discussed in Section 5.1.2. If the SS 316L powder was more evenly dispersed within the

slurry, then the distribution of powder within the dried sample would be regular giving it a more

rigid structure than the Ti64 samples which may have a slightly irregular distribution of powder.

Figure 98: Graph showing compression force against displacement for compression tests of dried
samples produced using Ti64 and SS 316L slurries with different compositions, with points high-
lighted where yield force data was extracted.

In general, these yield strength values are low when compared to many of the values reported

within literature for compressive strength of green bodies produced from metal gel casting. When

evaluating different gelling agents for gel casting with iron powder, Li et al. reported green strength

values between 1.8 − 2.6 MPa for samples produced using the same gelling agent as in this work

(MC), when applying a VF in the same range as the slurries produced in this work (0.5−0.6) [218].

The difference in strength can be explained by the fact that the green samples produced in this

work are highly porous, whereas those developed by Li et al. were not foamed and as such had a

relative density of over 95 %. Also, as discussed in Section 2.6.5, this study investigated powder

size and the samples with the highest green strength were those that were produced using very

fine iron powder (3 µm average particle size). However, the samples produced using iron powder
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with similar size distribution to the AM grade Ti64 and SS 316L powders used in this work still

presented green strength values much greater than those measured for the highly porous green

samples in this work. Despite being lower than those reported in literature, the green strength of

the samples produced from the key slurry compositions in this work was deemed sufficient due to

the samples being stable enough to be removed from the moulds and handled without collapsing.

If the green samples required shaping or machining prior to sintering, then a greater green strength

would be required, however as the application of this material is to be able to create bespoke

geometries through 3D material extrusion, this is not a requirement. Also, as discussed in Section

4.1.5, the dried Ti H slurry samples were stable enough to survive the burnout of the MC gelling

agent without collapsing, demonstrating that the green stability of the samples is sufficient to allow

the porous structures to be sintered. Therefore, when assessing the suitability of the various slurry

compositions for the application of 3D material extrusion in Section 5.3, the ‘green strength’ criteria

was assessed based on whether the samples were stable enough to be removed from a mould and

handled without becoming damaged or disintegrating.

5.3 Summary of Slurry Composition, Viscosity and Stability

The work covered in this Chapter around optimising the composition of both Ti64 and SS 316L

powder slurries highlights a significant challenge presented when trying to balance slurry viscosity,

stability and the strength of the resulting dried green samples. In general, this development work

has shown that producing highly stable foamed slurries using the AM-grade powders used here

(of size range around 20 − 50 µm for both Ti64 and SS 316L) requires the slurries to have a high

viscosity. The initial optimised Ti64 slurry (composition outlined in Figure 77) presented high

stability, particularly when stored within the syringe with the plunger inserted, but also had a very

high measured viscosity. Various methods of reducing the viscosity of the foamed slurry to make

it more suitable for 3D printing by extrusion were explored, however achieving suitable viscosity

typically resulted in a compromise in either the slurry stability, dried sample green strength or

both.

Figure 99 presents charts summarising the impact of two of the important composition param-

eters investigated in this Chapter on foamed slurry viscosity and stability, as well as the green

strength of the dried samples. As presented in Section 5.1.1, the slurries mixed with different
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powder size distributions were created using various SS 316L powders due to availability.

(a)
(b)

Figure 99: Dimensionless radar charts summarising the impact of powder size (for SS 316L slurries)
suspended within the slurry (a) and dispersant addition (for Ti64 slurries) as a weighted percentage
of powder mass on the viscosity and stability of the resulting foamed slurries, as well as the green
strength of the dried samples. The centre of the chart for each criteria represents being unsuitable
for 3D material extrusion, and the outer perimeter of the chart represents being the most suitable.

Figure 100: Dimensionless radar chart assessing the four key metal powder-based slurries developed
against viscosity and stability, as well as the green strength of the dried samples. The centre of the
chart for each criteria represents not suitable for 3D material extrusion, and the outer perimeter of
the chart represents being the most suitable.
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Figure 99a displays clearly, as already highlighted, that reducing powder size is the most effective

way of producing slurries with optimal properties for 3D material extrusion which agrees with the

observations from previous studies [218], however the issues this presents when working with Ti64

have been highlighted. Whilst the stability of the foamed slurry produced using fine SS 316L powder

was not assessed due to limited availability, the evidence from literature is clear that smaller powder

size results in greater slurry stability. The stable, low viscosity metal powder slurries presented

in literature are all produced using powders with small size range [218, 220]. Therefore, there is

certainly scope for further development and research into the size ranges of Ti64 powder available,

and producing slurries using Ti64 powder with as small a size range as can be safely worked with.

This could also include using sieving the AM-grade powder from this work in order to compare the

viscosity and stability of slurries produced from the same powder but different size ranges. The

impact of increasing dispersant addition within the Ti64 powder slurries is summarised in Figure

99b. As previously discussed within this chapter, this clearly shows that whilst increasing dispersant

addition is a reasonably effective way to reduce slurry viscosity, it also has a direct detrimental

impact on the stability of the foamed slurry itself and the strength of the dried samples. Many

of the samples produced using slurries with increased dispersant addition were so weak that they

crumbled upon removal from the moulds.

Figure 100 provides a simple summary of the four key slurry compositions highlighted in this

chapter as being of interest for further development, and assesses each of them against slurry

viscosity and stability, as well as the green strength of the dried samples. It also provides a

summary of the impact that VF of powder used in the slurry composition has on these criteria.

Comparing the VF for each of the two powders shows that reducing this value provides a method

of decreasing viscosity whilst maintaining the green strength of the dried samples. Whilst it is

apparent that it does have a slight detrimental impact on slurry stability, it is not to such an extent

that it makes the slurry unsuitable for extrusion, as demonstrated in the stability tests. The dried

samples produced using each of these key slurry compositions presented sufficient green strength

in order to be handled after drying without decomposing, despite presenting lower compressive

strength than what has been reported in literature for dense samples. Whilst the sintering stability

test was only completed using samples produced from the Ti H slurry composition (Section 4.1.5),

it was assumed that the samples produced using the other key slurry compositions would also be
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suitable for sintering, especially considering the VF of powder within all these slurries was kept

relatively high.

Figures 99 & 100 show overall that it is clearly possible to produce slurries that meet each of

the individual important criteria in order to be suitable for this application. However, aside from

the slurry produced using very fine SS 316L powder (which has been deemed unsuitable for Ti64),

none of the slurries developed in this work were able to meet all three criteria. Producing Ti64

slurries with viscosity within the optimal range presents a significant challenge, with most attempts

to reduce viscosity having a detrimental effect on the slurry stability, green strength of the dried

samples or both. Therefore, whilst a range of options have been explored in this work, there still

remains a huge potential scope for further research into the most effective methods for mixing stable

foamed slurries using Ti64 powder, particularly focusing on powder size and dispersant selection

and identifying dispersants that are capable of producing stable, low viscosity slurries.

Slurry Reference

Ti H Ti L SS H SS L

Powder AM-grade Ti64 AM-grade SS 316L (powder b)

Volume Fraction 0.57 0.5 0.57 0.5

Dispersant
Addition (wt %)

1.5 2.3 1.5 1.5

Surfactant
Addition (vol %)

1 1 1 1

Whisking Time
(mins)

3 3 3 2

Table 11: Summary of final key slurry compositions selected for further development.

Having identified the key slurry compositions of interest, the next important phase of the work

was to develop the 3D extrusion process through the analysis of single-track, single-layer and multi-

layer extrusions. As outlined in Table 9 the foamed Ti L and SS H slurries presented similar viscosity

values, and so the SS H slurry was not taken into extrusion process development as it would not

have provided a beneficial comparison. The Ti H, Ti L and SS L slurries provide a sufficient range

of viscosities (246, 154, 123, 357 and 31, 360 cP respectively) in order to be able to examine the

effect of viscosity on the printability of the slurry. Therefore, these three slurry compositions were

selected for the developing the 3D extrusion process, as presented in Chapter 6.
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6 Chapter 6: Results & Discussion Part III - Foamed Slurry 3D

Extrusion Process Development

Section 3.5 outlines the method that was followed in developing the 3D extrusion process using

foamed metal powder slurries in conjunction with the ZMorph 2.0 3D printer and thick paste

extrusion toolhead. The development of the foamed slurry 3D extrusion process was broken down

into the deposition of single tracks, single layers consisting of multiple adjacent tracks, and full

3D builds consisting of several successive deposited layers. This chapter presents the results and

discussion from this development process.

6.1 Single Track Depositions of Foamed Metal Powder Slurries

6.1.1 Single Track Depositions using Initial Optimised Ti64 Powder Foamed Slurry

As highlighted in Section 3.5.3, there are a number of controllable parameters within the thick

paste extrusion workflow in Voxelizer. Several of these parameters alter the flow rate and volume

of material that is extruded, and so in order to identify parameter value combinations that produced

the most suitable deposited tracks, certain values were kept constant whilst others were varied. For

the initial Ti64 slurry (Ti H) deposition, the path width and layer height parameters were set at

2 mm and 1 mm respectively, as outlined in Section 3.5.3, and the the print speed and thickness

parameters were varied between 2−10 mm/s and 35−55 % respectively. Figure 101 shows several

sets of single track depositions using different combinations of extrusion parameter values (note -

E5 T55 refers to a print speed of 5 mm/s and thickness of 55 %).

The tracks deposited with each parameter set combination were visually examined to determine

whether the syringe was under-extruding or over-extruding material, as well as to observe the

continuity of the tracks. The first set of tracks in Figure 101a shows an example of a set of tracks

where the syringe has under-extruded due to the parameter selection resulting in a thin track

with multiple points of discontinuity, whereas the first set of tracks in Figure 64 (In Section 3.5.5)

shows an example of the syringe over-extruding material. Average track width values were then

obtained for each set of tracks, as described in Section 3.5.5, which are presented in Table 12. Also,

the standard deviation in track width for each set of tracks was calculated in order to provide a
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comparison of the variation in track geometry.

(a) (b)

Figure 101: Images showing single tracks of extruded foamed slurry using different combinations
of extrusion speed and material thickness parameter values.

The aim of this work was to explore whether stable tracks could be deposited by altering the

extrusion parameters to account for the high viscosity of the Ti H slurry. In general, increasing

both the print speed and thickness parameter values within Voxelizer (as discussed in Section 3.5.3)

resulted in a decreased average track width, demonstrating that the volume of slurry extruded

decreased. It was expected that both of these parameter values would alter the extrusion volume,

as this is stated in the guidance provided by ZMorph [253], as well as specifying that increasing

the print speed reduces the volume of material extruded. This is a slightly unusual feature of the

ZMorph Thick Paste Extruder system, as it would be more logical to assume that the track width

would remain the same across all print speeds at a given thickness value as the software would alter

the speed of the stepper motor that controls the plunger speed to account for the change in linear
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speed of the nozzle. However, the guidance from ZMorph along with the measurements presented

in Table 12 clearly demonstrate that this is not the case. This highlights the importance of testing

a range of value combinations for these parameters in order to find the settings that produce the

most consistent extruded tracks.

Print Speed Thickness (%)

(mm/s) 35 40 45 50 55

2 5.65 ± 1.96 4.68 ± 0.89 3.68 ± 0.77 3.39 ± 0.76 3.34 ± 0.61

3.5 5.36 ± 0.79 4.17 ± 0.53 3.55 ± 1.02 3.28 ± 0.51 3.25 ± 0.51

5 4.46 ± 0.59 3.85 ± 0.57 3.5 ± 0.51 3.16 ± 0.92 2.58 ± 0.51

10 3.59 ± 0.78 3.43 ± 0.87 3.04 ± 0.55 2.66 ± 0.77 1.71 ± 0.56

Table 12: Table presenting calculated mean track width measurements and standard deviations
(mm) for foamed Ti64 powder slurry extruded with different combinations of extrusion parameter
values.

(a) (b) (c)

Figure 102: Images showing single tracks of extruded foamed slurry using different combinations
of extrusion speed and material thickness parameters of E2 T35 (a), E5 T45 (b) and E10 T50 (c).
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Figure 102 shows the tracks extruded using the extreme case combinations of print speed and

thickness from Table 12. The tracks extruded using values of 2 mm/s and 35 % (Figure 102a)

show clear signs of over-extrusion where the track width is significantly greater than the nozzle

size, and also there is a huge variation in width throughout the tracks. As outlined in Table 12, the

average measured width of these tracks was 5.65 mm, and also the calculated standard deviation

in measured track width was 1.96 mm. Figure 102c presents the opposite extreme case where the

parameter values of 10 mm/s and 50 % have resulted in under-extrusion of the slurry. In this case

there are only very short continuous extrusions which are separated by a number of breaks within

the tracks. Generally, the parameter value combinations in the middle of the experimental range

produced the most consistent extruded tracks, with much lower variation in the measured track

widths and fewer breaks. A number of parameter combinations produced the lowest deviation in

track width of around 0.5mm, however the parameter values selected for multi-track and multi-layer

extrusion testing was 5 mm/s and 45 % because these values produced the lowest number of points

of discontinuity over the course of the four extruded tracks, as presented and highlighted in Figure

102b. The average measured width value for each parameter set was not specifically used to select

the parameter values to proceed with, however these values are required when setting up the .dxf

files to programme the nozzle path when depositing multiple adjacent tracks to produce continuous

layers. Only a few of the average measured track width values were close to the programmed track

width parameter value of 2 mm, however these were tracks extruded using the higher print speed

and thickness values including those presented in Figure 102c, and were all of very poor quality in

terms of consistency and stability. Therefore, the consistency of the tracks was the main criteria,

and providing the track widths were measured the spacing of the adjacent track paths in the .dxf

files could simply be altered to account for this, as discussed further in Section 6.2.

6.1.2 Single Track Depositions using Ti L and SS L Slurry Compositions

From the key SS 316L slurry compositions highlighted in Table 11, only the slurry with the reduced

VF (SS L) was selected for development of the 3D extrusion process. This was due to the fact that

this slurry composition presented a measured viscosity significantly below the values of both the

Ti64 slurries that was within the recommended range for the ZMorph thick paste extruder toolhead,

whereas the SS H slurry measured viscosity was in a similar range to the Ti L slurry which was
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used for 3D extrusion testing. For both the Ti L and SS L slurry initial single track extrusion

testing, there was no need to repeat the range of combinations of extrusion parameters tested for

the original Ti H slurry as a large number of these parameter combinations were clearly unsuitable

for extruding this kind of material. Therefore, by selecting parameter combinations around the

values concluded to be optimal for the Ti H slurry and conducting basic single track extrusion

tests, it was determined that for both the foamed Ti L and SS L slurry compositions parameter

values of 5 mm/s and 50 % for print speed and thickness respectively produced the best quality

tracks. In order to obtain accurate average track width measurements for both slurries extruded

with this parameter values, a set of 10 parallel 100 mm tracks were extruded for both, which are

presented in Figures 103 & 104. Table 13 provides a summary of the mean track width and standard

deviation in track width for the three slurry compositions used to conduct single track deposition

tests.

Slurry Composition Mean Track Width (mm) Standard Deviation (mm)

Ti H 3.5 0.51

Ti L 4.14 0.38

SS L 4.23 0.29

Table 13: Table presenting mean track width and standard deviation of tracks deposited with
different slurry compositions. All tracks were extruded with print speed 5 mm/s, and thickness of
45 % for Ti H and 50 % for Ti L and SS L.

Visually comparing these tracks with the Ti H tracks in Figure 102b clearly demonstrates the

effect of reducing the viscosity of the foamed slurry on the quality of track that can be extruded.

There is a significant improvement in the track consistency between the Ti H and Ti L tracks,

which correlates to the respective corrected viscosities of the foamed slurries of 246, 000 cP and

123, 357 cP . Only a few minor defects can be observed in the tracks extruded using the Ti L slurry,

as highlighted in Figure 103. There is a further improvement in track quality between the Ti L

and the SS L extruded tracks, with the SS L corrected viscosity having been calculated to be just

31, 360 cP . Both the Ti L and SS L track sets presented show no breaks at all which shows that

the slurries are able to flow consistently from the nozzle during extrusion. Also, the track width

measurements show a reduced variation compared with the Ti H slurry tracks, with measured

standard deviations of 0.38 and 0.29 mm respectively as presented in Table 13.
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Figure 103: Image showing set of single tracks deposited with the Ti L slurry composition using
optimal selected extrusion parameters.

Figure 104: Image showing set of single tracks deposited with the SS L slurry composition using
optimal selected extrusion parameters.
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6.1.3 Measuring Deposited Track Height

In order to be able to deposit multiple layers of foamed slurry it was important to first measure

the average height of extruded tracks. Once obtained this could be matched with the layer height

parameter in Voxelizer to ensure that the z-height movement of the extruder toolhead between the

deposition of each layer would be equal to the actual layer height, in order to avoid the distance

between the nozzle and the previous track being either too close or too far. Track height values

were obtained using a laser confocal microscope following the method outlined in Section 3.5.5. As

previously mentioned, the scanning process to produce 3D profiles is time consuming therefore only

certain sets of tracks were selected for obtaining height measurements. For each of the slurry com-

positions which were used for depositing sets of single tracks with different parameters, the tracks

highlighted for having the most consistent geometries (as presented in Sections 6.1.1 & 6.1.2) were

selected for height measurement, as these parameter combinations were those that would be used

to develop the deposition process for each slurry. Track height values were obtained across multiple

sections of each set of tracks, and the average obtained height values along with standard devia-

tion values are presented in Table 14. This table also presents the width measurements obtained

using the laser confocal microscope, in order to provide a comparison against the measurements

previously obtained using 2D images. Also presented are the measured track dimensions of tracks

deposited with Ti H slurry with different geometry parameter combinations in order to try and

produce tracks where the measured height presented values close to the programmed layer height

parameter value. Figure 105 shows examples of the height profiles obtained for both the deposited

Ti H and SS L slurry tracks as obtained using the laser confocal microscope.

As can be seen in Figure 105, the tracks roughly fit a parabola shape, as was initially assumed

when setting up the experimental procedure (Section 3.5.3), where the width of the track at the

base is approximately equal to double the track height. The track cross sections for Ti H (Figure

105a) present significantly more scatter than those for the SS L tracks (Figure 105b), particularly

across the top surface of the tracks. Some scatter is to be expected rather than a smooth surface

as a result of the slurry being foamed, and as such there may be bubbles that break the top surface

of the track during extrusion. However, the additional scatter observed in the Ti H tracks agrees

with the observations from Sections 6.1.1 & 6.1.2 regarding the inconsistency and defects present
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within these tracks compared with the SS L tracks.

(a)

(b)

Figure 105: Plots showing height profiles of deposited Ti H slurry tracks (a) and SS L tracks (b)
obtained from 3D profiles acquired using LEXT laser confocal microscope.

As explained in Section 3.5.5, the initial track width measurements were obtained from 2D anal-

ysis of images taken using the software Fiji as this provided a quick means of gathering track width

data. As previously highlighted, the track width values themselves are not particularly important

provided the tracks are stable and consistent, however the measured height of the deposited tracks

must match the programmed layer height parameter value as this value determines the z-movement

of the nozzle between the deposition of successive layers of material. If the true height of each layer

is less than the programmed parameter value, then the nozzle will move further away from the

material at each layer which would cause deposition issues. Conversely, if the true height is greater

than the parameter value, the nozzle will not step far enough in the z-direction and as such will be

moving through the previously extruded material which would again cause issues with deposition.

This presents a particular problem when depositing multiple layers as this error will be cumulative

as more layers are deposited.
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As highlighted in Section 3.5.3, the path width and layer height parameter values were set as

2 mm and 1 mm respectively due to the assumptions around the nozzle diameter and track geom-

etry. Initially these values were kept constant throughout the print speed and thickness parameter

value experiments for all slurries. Upon measuring the average heights of the tracks deposited for

each slurry composition with the optimal extrusion parameters, it was discovered that the true

height of the tracks in all cases was approximately double the layer height parameter value, as

presented in Table 14. Therefore if multiple layers were deposited with these parameter values

and track dimensions, the nozzle would not move far enough in the z-direction between each layer

resulting in the nozzle dragging through the previous layer.

Track Height (mm) Track Width (mm)

Slurry
Composition

Key Extrusion
Parameters

Mean Standard
Deviation

Mean Standard
Deviation

Ti H W=2mm
H=1mm
E = 5mm/s
T = 45 %

2.1 0.37 3.5 0.68

Ti H W=1mm
H=2mm
E = 5mm/s
T = 45 %

1.88 0.25 3.17 0.65

SS L W=1mm
H=2mm
E = 5mm/s
T = 50 %

2.11 0.13 3.65 0.44

Table 14: Table presenting track height and width measurements obtained using LEXT laser
confocal microscope for key slurry compositions, and values for key extrusion parameters used
to deposit the tracks including path width (W), layer height (H), print speed (E) and thickness (T).

In order to find a solution to this problem, some basic experimentation was conducted whereby

the path width and layer height values were modified. As the measured height of all the track sets

was around 2 mm, the aim was to change the layer height value to match this and then tweak the

path width value so that the overall geometry of the extruded tracks remained the same as previously

measured. A simple solution was discovered, which was to decrease the path width parameter from

2 mm to 1 mm whilst increasing the layer height from 1 mm to 2 mm, resulting in the same
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overall volumetric flow of material and resulting track geometry as with the previous parameter

selection, as presented in Table 14. As described in Section 3.5.5, the track height measurements

were all obtained from analysis of 3D profiles captured using a laser confocal microscope. Due to the

accuracy of this measurement technique compared with the width measurements obtained through

2D imaging and analysis within Fiji, the measurements obtained are much more reliable. As such,

at this stage track width measurements were also obtained using the laser confocal microscope as

presented in Table 14, to provide the most accurate values which were then applied when setting

up the .dxf files for single-layer depositions as discussed in Section 6.2.

6.2 Extruding Multiple Adjacent Tracks of Foamed Metal Powder Slurries

Having selected the optimal extrusion parameters for depositing individual tracks using the ZMorph

thick paste extruder toolhead and syringe, as well as measuring the average track height and width

values, the next important phase of the development was use this information to be able to deposit

multiple adjacent tracks that would form a full continuous layer of material.

6.2.1 Multiple Adjacent Track Depositions using Ti H Slurry

Initially a full layer of Ti H foamed slurry was deposited by generating a .dxf file containing 4

adjacent lines spaced at the mean track width (3.17 mm) measured for Ti H slurry using the

selected extrusion parameters as presented in Table 14. However, upon inspection of the deposited

4-track layer displayed in Figure 106, it was clear that spacing the tracks in this way was not

suitable for producing a continuous layer due to a lack of merging between adjacent tracks causing

observable breaks.

The image presented in Figure 106 shows that the adjacent tracks have not merged to form

a continuous layer as clear gaps are visible between them. This is in part caused by the high

viscosity of the slurry preventing adjacent tracks from flowing/spreading when deposited. However,

highlighted in the cross-sectional profile in Figure 106b, there are points within the layer where

adjacent tracks do appear to have merged successfully. Therefore it was also possible that the

general lack of merging was a result of the spacing between the track paths within the .dxf file.

Setting the spacing between adjacent tracks to be equal to the average track width doesn’t account

for the deviation in track width, and as such there are points within the layer where two adjacent
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tracks are both under the average width which results in a visible gap between them.

(a)

(b)

Figure 106: Image (a) and LEXT microscope height profile (b) showing the profile of a full layer
consisting of 4 deposited Ti H slurry tracks using the mean track width as the track spacing value.

6.2.2 Adjacent Track Overlap Experiments using Key Slurry Compositions

The initial single-layer extrusion test presented in Section 6.2.1 demonstrated that there is a need

for a degree of overlap between adjacent tracks in order to ensure merging between them to form one

continuous layer. Within other material extrusion processes such as FDM there is an understanding

that track overlap is required in order to ensure contact between adjacent hatch tracks, but also

that excessive overlap can disrupt the printing process [290, 291], therefore there is a need to

experimentally optimise the level of overlap between adjacent tracks when printing by material

extrusion. As such, a set of simple experiments was conducted using the Ti H slurry as described

in Sections 3.5.6 whereby single-layers consisting of sets of adjacent tracks were deposited with

varying levels of overlap between 0 − 50 %. Each full layer was visually inspected, as well as being

scanned using the laser confocal microscope in order to obtain a detailed picture of how the tracks
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had combined to form a layer, as displayed in Figures 107 & 109.

(a) No overlap (b) 10 % overlap

(c) 25 % overlap (d) 50 % overlap

Figure 107: Scanned 3D profiles of full layers produced by depositing 4 adjacent tracks of Ti H
foamed slurry with various overlap percentages, obtained using LEXT laser confocal microscope.

The 3D profile images in Figure 107 and the 2D cross-sectional height profiles in Figure 109

clearly demonstrate that introducing any degree of overlap between the deposited tracks resulted in

an improvement in merging between tracks. The 25 % and 50 % overlap height profiles in Figures

109d & 109c suggest that these levels of overlap are excessive because the height of the profile is seen

to increase as each adjacent track is deposited (in order left to right). This is a result of the degree

of overlap causing each track to being deposited slightly on top of the previous track, resulting in

an increase in the track height with every new track deposited. It can be observed that the layer

height increases to almost double the expected layer height of 2 mm where the 3rd and 4th tracks
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were deposited, which results in an overall uneven layer height. The profile of the tracks deposited

with 10 % overlap (Figure 109b) shows that this degree of overlap produced a more consistent layer

height close to the expected height, whilst also improving the merging between adjacent tracks.

However, from examining the whole layer shown in Figure 108 it is clear that there is still an issue

with overall insufficient merging between tracks as various gaps are still visible. This highlights the

difficulties around using this slurry composition for the purpose of building 3D structures through

material extrusion because of its high viscosity, as previously discussed in Section 5. Because of its

high viscosity, it is not possible to increase the track overlap to a sufficient level to ensure merging

of adjacent tracks without causing an increase in track height and uneven overall layer height. If

the viscosity was lower the track overlap could be increased beyond 10 % but the material would

flow slightly and settle into a layer with an even height, which is in fact what was observed during

the track overlap experiments for the Ti L and SS L slurries with lower viscosities.

Figure 108: Image showing a full layer of adjacent tracks deposited with Ti H slurry using 10 %
overlap between tracks.
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(a) No overlap

(b) 10 % overlap

(c) 25 % overlap

(d) 50 % overlap

Figure 109: Height profiles of full layers produced by depositing 4 adjacent tracks of Ti H foamed
slurry with various overlap percentages, obtained using LEXT laser confocal microscope. The
expected layer height of 2 mm is highlighted on each profile.
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From the observations discussed regarding Ti H slurry track overlap, it was identified that an

overlap within the range of 10−25 % was required in order to ensure sufficient merging of adjacent

tracks. The specific optimal overlap percentages for the other key slurry compositions were then

also investigated. For the Ti L and SS L slurry track overlap experiments, overlaps of 10, 15 and

20 % were investigated, and the images of the resulting single-layers for Ti L and SS L are presented

in Figures 110 & 111 respectively.

(a) (b) (c)

Figure 110: Images showing track overlap experiments for extruded Ti L foamed slurry at 10 %
(a), 15 % (b) and 20 % (c) overlap.

As can be seen for both slurry compositions, an overlap of just 10 % was sufficient to prevent

any visible gaps emerging between the adjacent tracks within each layer, and also upon examination

of the single-layers it could be seen that even at 20 % overlap the layer heights were consistent for

both slurries. Therefore, overlap within the range 10 − 20 % for the Ti L and SS L was deemed

suitable at this stage, and the effect of the level of overlap within the range when building multi-

layer structures is discussed further in Sections 6.3.2 & 6.3.3. Figure 112 shows the cross-sectional

height profile of a single layer of SS L slurry produced by depositing four adjacent tracks with an
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overlap of 10 %. As can be seen, in contrast to the Ti H layers in Figure 109, the tracks have

merged together whilst still producing an even overall layer height, as highlighted by the height

measurements. The layer height fluctuates slightly but is always close to the expected layer height

of 2 mm, which, as previously discussed, is vital for developing multi-layer extrusions. Due to the

parabola profile of the tracks, when an overlap is applied, the edges of parabola where the height of

each of the individual track is less than half the maximum height at the centre of the track combine

to produce an overall height similar to the maximum height. This can only occur provided the

tracks can flow and merge together as with the SS L slurry, which is evident in Figure 112.

Figure 111: Image showing track overlap experiments for extruded SS L foamed slurry at 10 %,
15 % and 20 % overlap.

Figure 112: Height profile of full layer produced by depositing 4 adjacent tracks of SS L foamed
slurry with 10 % overlap, obtained using LEXT laser confocal microscope.
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For the Ti H slurry, due to the issues around uneven layer heights when overlap was increased,

10 % overlap was set as the limit. This 10 % overlap coincides with the minimum recommended

overlap for FDM processes in literature [290], however it has been shown for FDM that increasing

overlap beyond this leads to improved mechanical properties of the final part, which suggests

that for this extrusion process a 10 % overlap may not produce the best quality structures when

extruding multiple successive layers. Again, the effect of this on the ability to build multi-layer

structures is discussed further in Sections 6.3.1 - 6.3.3.

6.3 Extruding Multi-Layer Structures using Foamed Metal Powder Slurries

6.3.1 Multi-Layer Depositions using Ti H Slurry Composition

Having found optimal extrusion parameter values for the various key slurry compositions that

produced tracks with a measured height equal or very close to the layer height parameter value,

as well as obtaining an idea of the required overlap between adjacent tracks, the next stage of

development was to build full 3D structures by depositing multiple layers of slurry, each consisting

of a series of individual tracks. These 3D structures consisted of either three or four square layers

of approximately 40 mm (depending on the track spacing for each slurry composition) which were

extruded following the pattern displayed in Figure 68a. As mentioned in Section 3.5.2, due to the

limitations of the Voxelizer software it was not possible to change the extrusion pattern between

layers as it only offers the option to repeat a single layer a set number of times, therefore this

extrusion pattern was repeated in each layer. This was attempted with the original optimised

AM-grade Ti64 powder slurry (Ti H), and then also with the other key slurry compositions.

For the Ti H slurry composition, the tracks were spaced in order to create an overlap of 10 %

between adjacent tracks, and the layer count was set to 3 with a layer height of 2 mm. The Ti

H slurry was extruded following this deposition pattern on an aluminium foil layer directly on the

heated platform. When the build was complete, the structure was left on the heated platform

to fully dry before removing and analysing. Figure 114a shows an image of the final build after

removal from the build platform, Figure 114b shows an image of a cross section of the structure

and Figure 113 shows the height profile and measurements of the build obtained by scanning with

the LEXT laser confocal microscope. The mean measured height of the overall build was 6.1 mm.
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Figure 113: Height profile and height measurements of 3-layer deposition of Ti H foamed slurry,
obtained by scanning with LEXT laser confocal microscope.

(a) (b)

Figure 114: Image (a) and cross-section (b) of full 3-layer extrusion of Ti H foamed slurry.

The image and cross-sectional image of the full 3-layer extrusion of TiH slurry (Figures 114a &

114b) show significant visible defects within the structure. As already discussed, the viscosity of

this slurry composition means that the extruded tracks are inconsistent in their geometry, and also

the tracks are not able to merge together to form a continuous structure. The cross-sectional image

shows that even successive layers have not merged and as such each individual track can be identified

within the structure. As a result, the structure was incredibly brittle and fell apart when handled

because the tracks had very little adhesion to each other. These results demonstrate, as highlighted

early on in the extrusion development process, that this slurry composition is not suitable for the

extrusion of porous 3D structures. For the process to produce one continuous interconnected
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porous structure as outlined in the research brief (Section 2.9), the individual tracks and layers

must merge together into one continuous structure, which is evidently not achievable with this

slurry composition due to the issues caused by its high viscosity. The only real positive observation

from this multi-layer extrusion is that the overall average height of the structure measured from the

height profile scan (Figure 113) was calculated to be 6.1 mm, which is approximately as would be

expected from depositing three layers when the average height of the single tracks were originally

measured to be 1.88 mm with a standard deviation of 0.25 mm (Table 14. This demonstrates the

feasibility of the process as a layer-by-layer additive manufacturing process, if the viscosity of the

slurry can be reduced whilst maintaining its optimal properties in terms of porosity, pore geometry

and stability.

6.3.2 Multi-Layer Depositions using Ti L Slurry Composition

As highlighted in Section 6.2.2, the track overlap experiments concluded that an overlap of 20 % is

optimal for Ti L slurry extrusion in order to allow adjacent tracks to merge. However, in order to

examine the impact of track overlap on the multi-layer scale, full 3D builds were completed using

both 15 % and 20 % overlapped tracks. The builds were set up in the same way as the Ti H 3-layer

build, the only difference being that each layer was set up as a perimeter square which was then

in-filled with parallel hatching (similar to Figure 62) and the layer count was set to 4. Again, the

structures were allowed to fully dry on the heated platform before removal and analysis. Figure

115 shows images of both of the 4-layer builds, as well as optical micrographs of the cross sections

showing the internal structures.

The optimal track overlap for the Ti L slurry was not necessarily evident from the single-layer

experiments. The external images of the resulting extruded structure (Figure 115a) appears to

show that 15 % overlap produced a stable structure where tracks combined effectively to build up

continuous layers. However, the cross-sectional micrograph (Figure 115c) provides further insight

by showing that there are a number of regions where the internal tracks have not merged. Some ad-

jacent tracks have merged together to form continuous material, however throughout the structure

the divide between successive layers is clearly visible. Therefore, 20 % overlap was applied in an

attempt to mitigate these issues, and the micrograph of the internal cross section of the resulting

structure (Figure 115d) shows that the tracks have effectively merged to form continuous material,
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and the successive layers have merged together in some places. However, the separation between

each layer is still visible in most cases. From the total track length deposited in each layer, and

knowing the print speed value (5 mm/s) the time taken to deposit each layer was calculated to be

36 seconds, and there was no pause between layers so this time is equal to the period of drying for

each layer before being deposited on. From the data collected and discussed later in Chapter 7,

it is known that this time is very early within the drying profile for this material, therefore it can

(a) 15% track overlap (b) 20% track overlap

(c) 15% track overlap (d) 20% track overlap

Figure 115: Images and cross sectional micrographs showing 4-layer depositions of Ti L foamed
slurry with track overlaps of 15 % and 20 %.
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be stated that the lack of merging between successive layers is not a result of each layer becoming

too dry before the next is deposited, as demonstrated in the layer deposition timing experiments

in Section 7.1.2. Therefore it can be concluded that the viscosity of this slurry is responsible for

the lack of merging between layers.

Overall, the structure generated using 20 % overlap (115b & 115d) is the best out of all the

extruded Ti64 powder foamed slurry structures presented in this work, and provides a very clear

demonstration of the promising feasibility of this method of foamed slurry 3D extrusion for pro-

ducing highly interconnected porous titanium structures using readily available and affordable

equipment. By analysing the cross-sectional micrographs using the software Fiji, average height

measurements were obtained for both the structures to be 7.97 mm and 8.7 mm for 15 % and

20 % overlap respectively. These are both around the value that would be expected based off the

extrusion parameters and initial track dimensions, however it appears that the increase in overlap

to 20 % did result in a slight increase in overall height of the structure, however this does not ap-

pear to have caused any deposition issues, although if the number of layers extruded was increased

beyond four this may start to cause issues as described in Section 6.1.3. It can be suggested that

the overall tolerance for the error in total height of the structure should be kept below 1 mm in

order to ensure the extrusion process is not disrupted. Again, these figures show that, providing the

extrusion parameters are optimised and the track geometry data is available and used to inform the

setting up of the .gcode files for 3D extrusion, this process is a feasible method of manufacturing

porous Ti64 structures through extruding foamed powder based slurry through a layer-by-layer

additive approach.

6.3.3 Multi-Layer Depositions using SS L Slurry Composition

A final 4-layer build was extruded using the SS L foamed slurry composition, with 15 % overlap

between tracks and following the same hatching strategy as the Ti L 4-layer build as outlined in

Section 6.3.2. The slurry layers were extruded onto a layer of aluminium foil on the pre-heated

ZMorph build platform, and the full build was allowed to dry on the platform before being removed

for analysis. Figure 116 presents images of the final structure, along with a micrograph of a cross

section showing the full height of the build. This 4-layer build was also scanned using the confocal

microscope to obtain a height profile and measurements, which is presented in Figure 117.
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(a) (b)

(c) (d)

Figure 116: Images (a & b) and cross sectional micrographs (c & d) showing 4-layer deposition of
SS L foamed slurry with track overlap of 15 %.

Figure 117: Surface profile of 4-layer deposition of SS L foamed slurry, obtained by scanning with
LEXT laser confocal microscope.

The images of the final multi-layer structure extruded using SS L slurry (Figures 116a & 116b)

show that the structure is well formed when compared to the original Ti H slurry multi-layer

extrusion (Figure 114a), and that the structure is continuous with no visible gaps between tracks
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or layers when examined externally. The cross-sectional micrographs (Figure 116c & 116d) show

that the tracks and layers have all merged to form a continuous, interconnected porous structure,

with the border between successive layers only being faintly visible in a small number of locations

as highlighted.

Figure 118: Cross-sectional micrograph showing the change in overall height at the outer edge of
4-layer deposition of SS L foamed slurry.

Figure 119: Image showing the extrusion pattern for a single layer of slurry (black) with support
material (red) around the outer border track to prevent spreading.
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The top surface of the structure is mostly flat apart from the outer edges where it slopes

downwards, as can be seen in the height profile shown in Figure 117. An additional cross-sectional

micrograph showing the edge of the structure is presented in Figure 118 which highlights this issue.

This change in height of the structure is a result of the slurry’s ability to flow, and because each layer

was extruded following the path presented in Figure 62 where the outer border track was deposited

first followed by the internal hatching. Within each layer, this border track is deposited without

any adjacent track in place to provide support and prevent the track from spreading, which has

resulted in the observed reduction in height. It is likely that this is more pronounced after the first

deposited layer, as each successive border track was then deposited on a convex surface produced

by the geometry of the previous track which caused the slurry to spread. The average height of

the structure at this point obtained by analysing Figure 118 within the Fiji software was 5.55 mm,

compared with the average height within the internal region of the structure of 7.1 mm. This

deviation in height would have to be rectified in order to build structures with uniform geometry,

which could be achieved in various ways. If the software provided the functionality to do so, an

additional layer consisting of just the outer border track could be deposited every four or five layers

in order to even out the height, however this would require the overall height of the structure both

internally and around the border to be consistent in every build which would need further detailed

testing and measurements to be taken to provide reliable data which could then be used when

setting up the build files. Alternatively, the use of a support material could be employed if the

printer had duel-extruder technology, which could be deposited to form an outer casing in order to

prevent the border track from spreading, as presented in Figure 119. However, this would present

other challenges as the dried powder slurry structure would be bonded to this support material,

and therefore it would have to be a material that could be easily burnt out at a low temperature

prior to sintering the components.

The average measured height of the internal region of this multi-layer extruded structure is

slightly lower than expected, which is again likely to be a result of the flow of the slurry caused

by its comparatively low viscosity. This does not present a major issue, as the four layers have

still been successfully deposited, however if a greater number of layers were to be extruded it may

cause problems as the syringe nozzle would be moving slightly further away from the top surface

with each layer. The layer height and path width parameters could be easily tweaked to resolve
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this error, however this would first require a series of multi-layer test extrusions with different layer

counts that could be measured to clarify whether the variation in height is consistent. Overall, the

SS L multi-layer extrusion presents an optimal internal structure for this application which contains

continuous interconnected porosity, as well as well-defined overall geometry especially considering

a 2 mm nozzle was used. Considering the simplicity of the process and the use of basic equipment

for both mixing the slurry and extruding, this structure demonstrates that foamed slurry extrusion

can be used to build 3D porous components.

6.3.4 SS L Builds with Alternative Geometries and Hatching

Having identified the slurry viscosity range that is able to produce stable continuous porous struc-

tures through a track-by-track extrusion process, it was important to examine the influence that

the extrusion hatching patterns have on the resulting multi-layer structures. In order to do this,

multi-layer SS L slurry structures were extruded using an alternative hatching strategy. Previously

all layers had been extruded following the hatching pattern shown in Figure 68a, which involves an

external contour extrusion followed by parallel internal hatched tracks. The alternative hatching

strategy was to extrude concentric contours starting with the outer contour and working towards

the centre of each layer, which can be observed in Figures 120a & 120c for square and circular

structures respectively.

(a) (b) (c) (d)

Figure 120: Images showing 4-layer depositions of SS L slurry using a variety of geometries and
alternative hatching strategies.

The 4-layer structure extruded using concentric square hatching was of particular interest as

this serves as a direct comparison against the 4-layer SS L structures extruded using parallel

hatching presented in Figure 6.3.3. Figure 120a presents an image of this structure, and it can

199



be clearly observed even from this external image that there is separation between some of the

tracks, in particular the outer contour and the second concentric square. The cross-sectional height

profile of the structure presented in Figure 121a shows that the height of the structure varies, with

the maximum height observed in the centre and a gradual reduction in height towards the outer

edges. The same observation can be made of the concentric circular hatched structure, as seen in

Figure 121b. As discussed in Section 6.3.3, the cross-sectional height profile of the multi-layer SS

L structure extruded using parallel hatching showed that the height of the structure was consistent

throughout, apart from at the outer contour where the tracks within each layer had spread to cause

an overall drop in height around the outer edge. Therefore, it seems that the concentric hatching

strategy caused this continuous variation in height that can be observed. This would have been

caused by the fact that each concentric track had more time to spread before the adjacent track was

deposited, compared with the parallel line hatching. As the extrusion moved closed to the centre,

the time between each concentric square track decreased and so the spreading reduced, resulting

in the observed gradual increase in overall height towards the centre of the structure.

(a)

(b)

Figure 121: Height profiles of 4-layer builds consisting of concentric square layers (a) and concentric
circle layers (b).

A cross-sectional micrograph of the 4-layer concentric square hatched structure is presented in

Figure 122. It can be seen in this micrograph that there are clear gaps between adjacent tracks, as
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can also be observed from the external image in Figure 120a. Again, these are likely to be a result

of the increased time between the deposition of adjacent tracks due to the concentric hatching

strategy compared with parallel hatching, which means that each track has a reduced moisture

content when the adjacent track is deposited and therefore do not merge as effectively. Overall,

the issues observed with this hatching strategy make it clear that the parallel hatching pattern

produces the best results in terms of tracks and layers merging to form a continuous structure with

a uniform geometry, providing the issues with the collapsing/spreading of the outer contour can be

mitigated as discussed in Section 6.3.3.

Figure 122: Cross-sectional optical micrograph showing the internal structure of a 4-layer extrusion
of SS L slurry using a concentric hatching pattern.

6.4 Summary of 3D Extrusion Process Development and Final Multi-Layer

Extrusions

This chapter presents the development of the 3D material extrusion process through the systematic

extrusion and analysis of single tracks, single layers and building up to the extrusion of multi-

layer structures with each of the three selected key slurry compositions. The structures produced

through extruding the three different foamed powder-based slurries provide a broad insight into

the potential scope of the process, as well as the challenges associated with this manufacturing

technique. The observable differences in quality between the structures demonstrate the degree to

which the viscosity of the slurry has an impact on its suitability for this process. These differences
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are observed right through from single-track to multi-layer extrusions. The high viscosity of the

Ti H slurry resulted in tracks which were irregular and inconsistent in geometry, concurring with

the the scattered movement in syringe plunger force shown on the graph presented in Figure 96

(Chapter 6), which suggested that the slurry would not extrude in a steady continuous manner

as discussed in Section 5.2.4. The result of these irregularities in track geometry, combined with

the lack of fluidity of this slurry composition, resulted in poor quality multi-layer structures where

individual tracks and layers did not merge to form continuous material. In contrast, the plunger

force graph for SS L slurry controlled extrusions shows that there was no build up of pressure

or scattered movement of the plunger during extrusion, which suggested that there was a regular

steady flow of material being extruded. This was confirmed by the single-track extrusions which

produced tracks that were continuous and regular in geometry, which then combined successfully

within the single-layer and multi-layer extrusions by merging to form a continuous interconnected

porous structure. The quality of the extruded structure using the SS L slurry clearly demonstrates

the feasibility of this process for titanium powder slurries, providing further work can be done to

identify suitable means of creating stable foamed slurries with suitable viscosity.

The fluidity of the SS L slurry resulted in the issue relating to the height of the structure around

the outer edge, which suggests that the viscosity of this slurry may in fact be too low. Whilst it has

clearly been shown that it is important for the slurry to be able to flow to allow adjacent tracks and

layers to merge effectively, this issue also highlights that the tracks need to have enough stability

to maintain their profile whilst gelation occurs. In general for all slurry compositions, but Ti L and

SS L in particular, there was a variation in overall structure height of the multi-layer depositions

compared to the expected height based on the number of layers and layer height parameter value.

For the number of layers deposited in this work (up to a maximum of four) this did not present

any real complications, however it has been highlighted that if more layers were deposited this

error would compound and eventually cause issues with deposition as the nozzle either moves too

far away from the extruded layers or begins to drag through the already deposited material. This

issue could be resolved with in-process monitoring of the overall height of the structure, so that

the offset between the top layer and the nozzle could be reset during the build process.

The Ti L slurry presented properties between the extremes of the Ti H and SS L slurries. The

individual tracks were much more regular than the Ti H tracks and extruded continuously without
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any breaks, and the tracks/layers were stable enough to build multi-layer structures with uniform

geometry. However, the tracks and layers did not merge as effectively as within the SS L structure.

There is a significant range in viscosity between these slurry compositions (123, 357 and 31, 360 cP

for Ti L and SS L respectively), and the observations from the multi-layer extrusions demonstrate

that the Ti L slurry is too viscous whilst the SS L slurry is potentially too fluid. As such there is

a clear viscosity range within which further developmental research could be conducted in order to

find a slurry composition which provides a balance between flow and stability, with the viscosity

values of these two slurries as the extreme limits of this range.

The hatching strategy experiments presented in Section 6.3.4 demonstrate that the hatching

pattern displayed in Figure 68a which consists of an outer contour which is in-filled with linear

parallel hatches produces the most optimal extruded structures in terms of the individual tracks

and layers merging to form a continuous porous structure, as well as producing the most accurate

overall geometry. Therefore this hatching pattern is recommended for this process, providing the

issues with the spreading of the outer contour track can be addressed as discussed in Section 6.3.3.

Whilst the SS L slurry was demonstrated to be the most suitable for 3D material extrusion,

and as such has been beneficial for demonstrating the feasibility of the manufacturing process,

the primary material of interest in this work is Ti64. Therefore, the Ti L slurry composition was

selected for the experiments investigating the drying behaviour of layers of slurry, and the data

gathered for developing the thin-layer drying models, as presented in Chapter 7.
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7 Chapter 7: Results & Discussion Part IV - Drying Behaviour

of Foamed Metal Powder Slurries

Having developed the 3D material extrusion process for the deposition of multi-layer structures

using foamed metal powder slurries, and identified the properties of such slurries that produce the

most optimal structures through this manufacturing method, the final important area of under-

standing in need of development was around the drying behaviour of these slurries after deposition.

As previously outlined, the slurry is mixed using a thermally activated gelling agent and the slurry

is extruded onto a pre-heated platform which provides the thermal energy for gelation and drying

to occur. Therefore, understanding the drying behaviour of each layer of deposited slurry and how

these properties are affected by the layer thickness, layer count and platform temperature, is vital

for identifying the capabilities and limitations of this manufacturing process. This chapter presents

the results and discussions around this area of work, both through examining experimentally gath-

ered data, as well as the development of semi-empirical models built upon these data.

7.1 Foamed Slurry Drying Experiments

A range of experiments were designed and conducted in order to gather an understand the drying

behaviour of foamed slurry deposited on a pre-heated platform, as described in Section 3.6.1. The

results from these experiments are presented and discussed in this section.

7.1.1 Thermal Camera Emissivity Calibration Temperature Profiles

Temperature profiles for foamed titanium slurry deposited on the pre-heated ZMorph build platform

were acquired using both a thermocouple and a Flir thermal camera in conjunction with the Flir

Tools + software, as described in Section 3.6.2. Figure 123 presents a selection of the emissivity

calibration curves comparing temperature profiles obtained using the camera and thermocouple.

The data for each of these graphs was captured from a different sample of deposited slurry, each

with different thicknesses hence the variation in temperature and time between each plot. For

each of the samples represented by the plots in Figure 123 the emissivity value was also varied

within the software at 1 % intervals and the resulting temperature plots were compared against
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the thermocouple data. The final result of all the emissivity calibration work was that 70 % was

selected as the value which provided the most accurate temperature reading over the full range of

the plots.

The calibration graphs presented in Figure 123 demonstrate the importance of setting the

correct emissivity value for the material being measured. Varying the emissivity between 67−75 %

produces a clear difference in the temperature profiles measured by the camera compared against

the temperature profile plotted from the thermocouple data. The emissivity value could only be

altered at 1 % intervals, and as such it was straightforward to find the value (70 %) that produced

a temperature plot with the closest match to the thermocouple data plot (Figure 123b). It is

worth noting that the thermal camera temperature profile crosses over the thermocouple profile

at around 700 s, which means that before this point the camera is slightly under-estimating the

slurry temperature, and beyond this point it is slightly over-estimating. This change is due to

the fact that the surface of the deposited slurry visually changes during the drying process, and

it transitions from being a glossy surface to a matt surface which will affect the emissivity of the

material and in turn the temperature measured by the camera. Also, the thermal camera reading

is not particularly accurate during the initial heating prior to the plateau, which again is due to

change in appearance of the slurry within this region as it is heated above the gelation temperature

and gels. Despite these variations, within the main region of the temperature profile the thermal

camera reading is within ±2◦C when emissivity was set to 70 %.

Having calibrated emissivity for the slurry drying process, it was then possible to use a thermal

camera to record continuous temperature data of slurry deposited on the heated platform. This

provided a much more efficient method of gathering this data compared with trying to position a

thermocouple within the slurry, which would not be feasible if actually extruding the material from

the syringe rather than manually depositing it. Also, the position of the thermocouple within the

syringe in terms of proximity to the heated platform would affect temperature data recorded, so

using a thermal camera to record to top surface of the slurry whilst drying is a more repeatable

means of gathering this data.
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7.1.2 Layer Deposition Timing Experiment using SS L Slurry Composition

All of the multi-layer extrusions presented in Chapter 6 had been printed without any programmed

pause time between layer deposition, meaning that the time that each layer had to dry was simply

the length of time it took to deposit a full layer before the next layer was then deposited on top.

In order to further understand the impact of the drying time for each layer on the quality of the

build, and the bonding between layers, a deposition timing experiment was designed and conducted

using SS L foamed slurry. This slurry was selected for further development work as it produced

the highest quality extruded structure, as presented in Section 6.3.3, and so provides the best

demonstration of the feasibility of this manufacturing process.

Following the method described in Section 3.5.7, a 2-layer extrusion was deposited such that

the second layer was extruded in the reverse order to the first. This resulted in a structure where

the time between deposition of the two successive layers varied between 0 − 600 s throughout the

structure, as highlighted in Figure 124. Once the 2-layer build had fully dried, it was fractured in

multiple places and the cross sections were examined using an optical microscope. Figure 124 shows

an image of the full extrusion after drying. The top-left of the build is the point where extrusion

began/ended meaning the time between deposition of the 2 layers at this point was ∼ 600s, and

the top-right is where the first layer extrusion ended and the second layer began meaning there was

no time between. Figure 125 shows cross-sectional micrographs of 3 key regions within the 2-layer

deposition corresponding to ∼ 600s, ∼ 300s and 0s intervals between layer deposition.

As highlighted in Figure 124, at the left side of the structure there are visible gaps between

the tracks, starting from the track which corresponds to a time of 440s between deposition of the

first and second layers. The cross-sectional micrograph taken of the two tracks at the far left of

the two-layer structure with a deposition time interval of ∼ 600s (Figure 125a), shows that even

where the adjacent tracks appear to be merged there are gaps present within the structure and the

border between layers is clearly visible demonstrating that the layers have not effectively merged

to form a continuous material. The cross-sectional micrograph presented in Figure 125c shows that

for the track with the minimum deposition interval between the two layers (0−20s), there is a clear

reduction in height of the overall structure which demonstrates that the bottom layer has not gelled

sufficiently to support the deposition of the next layer and as a result the second layer has sunk
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into it. The second track (left side of Figure 125c), which had a deposition time interval of over

20s, appears to be more structurally stable suggesting that this time interval is enough to allow the

first layer to sufficiently gel. The cross-sectional micrograph showing the centre of the two-layer

structure with a deposition time interval of ∼ 300s (Figure 125b) shows that the tracks and layers at

this point have effectively merged to form a continuous material, whilst also remaining structurally

stable. It can be seen from this micrograph that pores are interconnected even across the boundary

between what was initially separate layers, demonstrating that the extruded tracks have formed

a continuous interconnected porous structure which is a key requirement of orthopaedic implant

material.

Figure 124: Image showing the final 2-layer structure deposited for layer deposition timing experi-
ment.

(a) (b) (c)

Figure 125: Cross-sectional micrographs of 2-layer SS L layer deposition timing build with ∼ 600s
(a), ∼ 300s (b) and 0s (c) time interval between layer deposition.

From the micrographs presented in Figure 125 the height of the two-layer structure was mea-
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sured at the various deposition intervals. For 600s and 300s the height was measured to be 3.92 mm

and 3.69 mm respectively, confirming the observations made in Section 6.3.3 regarding the overall

height of the multi-layer structure being less than expected and how this is related to the fluidity

of the slurry. For the maximum deposition interval, the height of the two-layer structure was as

would be expected based on the height of the individual tracks, however this resulted in issues

around merging of tracks and layers. Some flow and spreading of the slurry is necessary to avoid

these issues, which inevitably leads to some reduction in the overall height of the structure when

depositing multiple layers. The observations from this experiment demonstrate that allowing a

slurry layer to dry for too long prevents the next layer from merging properly, which suggests that

a certain degree of residual moisture in the initial layer is required to allow the layers to merge

together.

Figure 126 presents the surface temperature profile of a single ∼ 2 mm layer of foamed SS

L slurry, obtained using thermal imaging as described in Section 3.6.3. The drying time can be

approximated from the temperature profile plot as highlighted in Section 7.2. As discussed in detail

later in Section 7.1.4, for all slurry layer depositions at different thicknesses the end of the ‘drying

plateau’ on the temperature profile plot represents the point at which the slurry is at least 80 % dry

(containing < 20 % moisture), which for the SS L ∼ 2 mm layer profile in Figure 126 corresponds to

240s. The moisture content beyond this point continues to decrease at a significantly reduced rate.

The moisture content at 300s can be estimated to be ∼ 10 %, and beyond 440s where separation

between tracks and layers begins to be observed it is likely that the moisture content is < 5 %.

Correlating these moisture levels with the observations from the layer deposition timing experiment,

it can be recommended that 5 % should be the minimum moisture content required in the previous

layer to allow successful merging of the next layer when deposited, which can be applied to layers of

different thicknesses and platform temperatures combined with the mathematical thermal models

discussed in Section 7.2 to inform extrusion parameters and deposition timing for specific slurries

and conditions.

The height of the two-layer structure within the track with the 0 − 20s deposition interval was

measured to be 2.72 mm, clearly showing, as already discussed, that the initial layer was not able

to support the deposition of the next layer due to lack of gelation. At 24s on the slurry temperature

profile (Figure 126) the slurry temperature has reached 76◦C which is greater than the gelation
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temperature of the methylcellulose solution (∼ 48◦C). The height of second set of tracks within the

structure in Figure 125c where the deposition interval was over 20s was measured to be 3.54 mm,

which is very similar to the height measured at the 300s interval point, showing that as long as the

initial layer has gelled it provides sufficient structural support for the next layer to be deposited.

Figure 126: Temperature profiles for top surface of foamed SS L ∼ 2 mm layer deposited on ZMorph
build platform pre-heated to 100◦C, with highlighted deposition time interval for second layer.

From these observations it can be recommended that the ideal range for timing between layer

deposition is 20− 440s, which is visualised on the slurry temperature profile in Figure 126. Whilst

this provides a wide range for deposition time, it may restrict the maximum geometry of an in-

dividual layer when extruding with a linear speed of 5 mm/s as in these experiments. However,

little work has been done to optimise the extrusion parameters in order to print with greater linear

speeds for the SS L slurry. With the properties of this slurry being much more optimal for extruding

than the Ti H slurry, it is highly likely that the print speed could be increased to 10 mm/s which

would double the maximum layer size that can be extruded within this time frame.
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7.1.3 Slurry Temperature Profiles for Various Platform Temperature and Layer Thick-

ness Combinations

As described in Section 3.6.3, temperature profiles were captured using the thermal camera of the

top surface of a layer of foamed titanium slurry. Figures 127 - 129 present the temperature profiles

plotted using the data from the from thermal camera recordings for slurry layer thicknesses of

2, 4 and 6 mm deposited on the platform pre-heated to 80, 90 and 100◦C. The regular small

spikes observed in each of the temperature plots are caused by the periodic self calibration of the

camera which results in a blank image for a single frame and then interferes with the temperature

reading during that frame. The true platform temperature values for each pre-set temperature

were recorded separately with a thermocouple by logging the platform temperature for 60s at 1s

intervals and then calculating an average, and are provided in Table 15. Also, for the samples

used to gather the temperature profile data presented this section, as well as various samples

from the mass loss drying experiments described in Section 7.1.4, true layer thickness values were

obtained by removing the samples from the platform once then had fully dried and measuring the

thickness of each sample using vernier calipers. As described in Section 3.6.3, the thickness of each

sample layer was produced by depositing a mass of slurry on the platform and then levelling it to

a certain height using the levelling tool. However, this method does not guarantee that the sample

will remain at this specified thickness as there is likely to be some settling after the sample is

deposited and levelled, hence the importance of gathering true measurements for sample thickness.

Table 15 provides the average measured sample thickness values for each combination of platform

temperature and leveller tool aperture size used to level the sample.

Platform Temperature (◦C) Nominal Sample Layer Thickness (mm)

Pre-set Measured 2 4 6

70 72 1.83 3.54 5.34

80 81 1.84 3.44 5.58

90 92 1.6 3.2 5.26

100 101 1.8 3.03 5.48

Table 15: Table presenting the true average measured sample thicknesses for each combination of
platform temperature and nominal thickness (aperture size of levelling tool used when depositing
sample), as well as the true average measured platform temperatures.
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Figure 127: Temperature profiles for top surface of foamed titanium slurry layers deposited on
ZMorph build platform pre-heated to 80◦C with various thicknesses.

All the profiles presented in Figures 127 - 129 follow similar trends, with an initial spike in

temperature during which gelation of the slurry occurs as it moves above the gelation temperature

of the MC solution (48◦C), followed by a plateau in temperature or a steady decease in temperature

before increasing again up to the final steady state temperature. As would be expected, increas-

ing the layer thickness results in an increased time for the slurry to reach the final steady state

temperature. Also, the final temperature reached for all layer thicknesses is below the platform

temperature, with the 2 mm layers reaching temperatures close to this and as the layer thickness

increases the steady state temperature decreases further away from the platform temperature. It

is worth highlighting that the thickness values stated on the graphs are the nominal thicknesses,

meaning they were levelled using the slot on the levelling tool with that dimension (Figure 71c),

however the true layer thicknesses were different due to spreading of the slurry after deposition.

These true values are presented in Table 15.
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Figure 128: Temperature profiles for top surface of foamed titanium slurry layers deposited on
ZMorph build platform pre-heated to 90◦C with various thicknesses.

Figure 129: Temperature profiles for top surface of foamed titanium slurry layers deposited on
ZMorph build platform pre-heated to 100◦C with various thicknesses.
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7.1.4 Slurry Drying Mass Loss Data

Whilst the temperature profiles obtained using thermal imaging provide an interesting insight in to

the behaviour of the slurry once deposited on the heated platform, in order to gain a deeper insight

it is important to understand the drying behaviour of the slurry during these profiles. Drying rates

for foamed slurry layer samples deposited on the pre-heated platform were obtained by gathering

mass loss data following the methods outlined in Section 3.6.4. This data was gathered for 4mm

thick layers and platform temperatures of 70, 80, 90 and 100◦C, as well as 2 and 6mm layers at 80

and 90◦C in order to provide an array of data that could be used to develop the drying time model

as described in Section 7.2.2. The mass loss measurements for 100◦C and 4mm layer thickness

are presented in Figure 130a alongside the surface temperature profile captured previously. Also,

the final surface temperature of each individual sample was acquired prior to removal for weighing

using the thermal camera recording, and these final temperature readings are plotted alongside the

surface temperature profile in Figure 130b. Only the data for this temperature and thickness are

presented here to provide an example for the purpose of discussion, however the rest of the mass

loss data and final sample temperature recordings for the other platform temperature and layer

thickness combinations are provided in Appendix D.

Analysis of the mass loss plots in Figure 130b and Appendix D demonstrates that evaporation

of water from the slurry begins to occur during the initial temperature spike, and that during the

near-constant temperature plateau region, the majority of the moisture content is evaporated, and

hence this region of each of the plots is referred to as the ‘drying plateau’. The drying rate extracted

from the mass % trendline for the example plot displayed in Figure 130b was approximately 1%/20s.

There appears to be some drying that still occurs beyond the end of this region after the temperature

has increased up to the final steady state temperature, however it is at a reduced rate (approximately

1%/120s for the example data shown). It is well understood that evaporation is an endothermic

process, as the energy required to gasify a liquid is drawn from the surrounding environment which

results in a cooling effect [292]. This explains why the temperature of the slurry either remains

constant or steadily decreases whilst the majority of the evaporation of water is occurring, before

increasing up to the final steady state temperature. The slurry composition consists of an initial

water content of 29 % of the overall mass of the slurry.
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(a)

(b)

Figure 130: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 4mm sample layers
of foamed slurry deposited on 100◦C platform.

As can be seen in Figure 130a, the percentage mass of the deposited slurry has reduced by

around 24− 25 % by the end of the drying plateau, meaning that by this point at least 80 % of the

water within the slurry has evaporated, and as such it follows that the remaining water evaporates

at a reduced rate at the steady state temperature. Figure 130b shows the temperature of each
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sample which was removed for mass measurement compared against the continuous temperature

profile obtained from the control sample. The temperature readings for each sample closely follow

the continuous profile which demonstrates that the data is reliable. There are some anomalies in

the mass percentage data points as highlighted in Figure 130a, which is to be expected when each

measurement corresponds to an individual sample that was removed and weighed and therefore

will have slightly different thicknesses that impact the drying rate. Overall, however, the data

fits well and provides a valuable insight into the drying behaviour. The data gathered from these

experiments show that the majority of slurry drying (∼ 80 %) has occurred by the end of the drying

plateau region on the temperature profile, which means that the drying rate can be estimated from

the temperature profile for all slurry temperature profiles even if mass loss measurements haven’t

been obtained, simply by extracting the time corresponding to the end of the drying plateau. This

provides important data required for the development of the thermal models as described in Section

7.2.

7.2 Development of Semi-Empirical Drying Models for Titanium Powder Slurry

As previously highlighted, the thermal behaviour of each layer of deposited slurry on the heated

platform is fundamentally important to the successful development of the deposition process in

terms of the gelling and drying of each layer of the slurry. In order to build a thorough understanding

of the thermal behaviour, three specific semi-empirical thermal models were developed using data

collected as described in Section 3.6.1 and presented and discussed in Section 7.1, that could then

be used to predict further information beyond the collected data which provides insight into the

scope and limitations of this process. The development of these models is presented in this section,

and the output data generated from them are presented and discussed.

The models are each built on slightly different variations of the model derived from Newton’s

law of cooling. The moisture ratio model was based on the Modified Page-I model, because this

could be rearranged to allow the available moisture ratio data at various times during drying to

be used in order to acquire the necessary empirical constants required in order to build the model.

Similarly the original Lewis model was selected for developing the drying time model, because this

could be rearranged to allow drying time and sample thickness data to be used to acquire values

for the empirical constants required to build the model. As highlighted in Sections 2.7.1 2.7.2,

216



there are over twenty adapted versions of the models based on Newton’s law of cooling, which

have been developed for various thin-layer drying applications, and there is no single identifiable

model that consistently provides the best universal prediction of drying behaviour. Therefore, it is

simply recommended that a suitable model should be selected for the specific application based on

the experimental data. As such, selecting different variations of the models in order to build the

semi-empirical models presented in this work was deemed to be a suitable approach.

7.2.1 Moisture Ratio Model Development

The moisture ratio model is a model that, for a given layer thickness, can be used to predict the

remaining moisture content of the deposited slurry at a given time after deposition. This model

was developed using the Modified Page-I model for moisture ratio (Equation 18), which is based

on the model derived by Lewis [256] for the drying of thin-layer materials.

MR = exp(−(kt)n) (18)

Where MR is the moisture ratio (the ratio of the mass of water present within the sample at

any specific time to the initial mass of water within it), k is a drying constant, t is the time in

seconds and n is a dimensionless empirical constant. Taking the natural log of both sides of the

equation gives:

ln(MR) = −(kt)n = −kntn (19)

Which can also be written:

−ln(MR) = kntn (20)

By taking the natural log of both sides of the equation again and then applying the laws of

logarithms the following can be derived:

ln(−ln(MR)) = ln(kntn) (21)

ln(−ln(MR)) = nln(t) + nln(k) (22)
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When comparing Equation 22 to the equation of a straight line, it is clear that plotting

ln(−ln(MR)) against ln(t) gives n as the gradient and nln(k) as the intercept. This was ap-

plied to the mass loss data collected as described in Section 3.6.4 for each platform temperature

in order to develop a series of models predicting the moisture ratio of a single layer of slurry at

any given time after being deposited on a pre-heated platform. These models are based upon the

thickness of slurry layer being constant, and therefore require mass loss data at multiple platform

temperatures for the same layer thickness. Mass loss data had been gathered for 4mm layer thick-

ness at 70, 80, 90 and 100◦C platform temperatures, and therefore the moisture ratio models were

developed using this data. The moisture ratio, as defined previously, refers to the ratio of the mass

of water remaining within the sample to the initial mass of water within it. Using the gathered

mass loss data the experimental moisture ratio (MR) values were calculated for each sample, so

that ln(−ln(MR)) could be plotted against ln(t) for each platform temperature in order to obtain

values for the constants n and k from the equations of the straight lines produced from the data.

These plots, along with the equations of the straight lines, are provided in Appendix E with the

plot for 100◦C provided in Figure 131 as an example, and the values for the empirical constants

extracted from these plots are summarised in Table 16.

Figure 131: Graph showing straight line plot of ln(MR) against ln(t) for moisture ratio data
gathered from samples deposited on the platform at 100◦C, along with the equation of the straigt
line used to extract the empirical constants for this temperature.

As previously stated, the drying constant k is specific to the platform temperature upon which
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the samples were dried, however the empirical constant n is the same across all platform tempera-

tures. Taking an average of the n values obtained from the plots and presented in Table 16, gives a

value of n = 1.23. Applying this average value and the k values specific to each platform tempera-

ture to Equation 30, produced the initial basic moisture ratio models for each temperature. From

these models the plots in Figure 132 were produced which provide the theoretical moisture ratio

for a 4mm thick layer of slurry deposited on a platform pre-heated to the specific temperatures at

any given time after deposition.

Platform Temperature (◦C)

70 80 90 100

n (gradient) 1.2192 1.251 1.2386 1.2199

nln(k) (intercept) -7.5749 -7.5498 -6.9304 -6.596

k 0.0020032 0.0023935 0.0037151 0.0044851

Table 16: Table summarising key values obtained from the equations of straight lines plotted in
Figure 160.

This simple initial model was used to predict moisture ratio for each platform temperature,

with the constant k being a function of temperature but n the same for all temperatures. Whilst

this model provides useful data, it is restricted by only providing output data for the platform

temperatures at which data was gathered. It can, however, be developed further to be able to

predict the moisture ratio for any platform temperature, by defining k using an Arrhenius-type

relationship as developed by Crisp and Woods [293] by applying Equation 23 [294].

Deff = D0exp

(
− Ea

RT

)
(23)

Where Deff is the effective moisture diffusivity (m2s−1), D0 is the Arrhenius pre-exponential

factor, Ea is the activation energy (Jmol−1), R is the universal gas constant and T is the platform

temperature in degrees Kelvin. By combining Equation 23 with the linear relationship between the

drying constant k and the effective moisture diffusivity described by Dadali et al. [295] (Equation

24), Equation 25 can be derived.

k = λDeff (24)
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(a) 70 ◦C (b) 80 ◦C

(c) 90 ◦C (d) 100 ◦C

Figure 132: Graphs presenting empirical data and temperature specific model outputs for MR
plotted against time after deposition on the ZMorph platform pre-heated to various temperatures.

k = λD0exp

(
− Ea

RT

)
(25)

Where λ is an empirical constant. By taking the natural log of both sides of Equation 25 and

applying the laws of logarithms, the following can be derived:

ln(k) = ln

(
λD0exp

(
− Ea

RT

))
(26)

ln(k) = ln(λD0) −
Ea

RT
(27)
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And finally by introducing the pseudo pre-exponential factor k0 = λD0:

ln(k) = ln(k0) −
Ea

RT
(28)

Again, by comparing Equation 28 with the equation of a straight line it can be seen that plotting

ln(k) against 1/T gives −Ea/R as the gradient and ln(k0) as the intercept. This was plotted for

the k values derived using Equation 22 for each platform temperature that data had been collected

for, as presented in Figure 133.

Figure 133: Graph showing ln(k) plotted against 1/T for each platform temperature at which mass
loss drying data was gathered for 4mm thick samples.

Extracting and processing the information from the equation of the straight line in Figure 133

gives k0 = 111.73 and Ea/R = 3781.5. These values were then substituted into the following

adapted version of the Modified Page-I model :

MR = exp

(
−tk0exp

(
− Ea

RT

))n

(29)

This produced a MR model that can predict theoretical MR values for any platform temper-

ature at any given time after deposition. The model outputs are presented in Figure 134 plotted

alongside the gathered experimental data for each platform temperature for comparison. The model

output MR values were also plotted directly against the experimentally gathered values, so that

the accuracy of the model could be further analysed, and these plots are presented in Figure 135.

Figure 132 presents the output data from the moisture ratio model (Equation 18) using the
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temperature specific empirical constants, plotted alongside the experimental data. The plots show

a close fit between the experimental data and model output data for each of the platform tempera-

tures. However, this model is restricted due to being temperature specific, meaning that it requires

experimental data for each platform temperature in order to calculate the values of the empirical

constants specific to that temperature. When depositing multiple successive layers during the foam

gel extrusion process, the ‘platform temperature’ will change with each layer, as the final steady

state temperature of a layer will provide the temperature upon which the next layer is deposited, as

demonstrated by the slurry temperature profiles in Figures 127 - 129. As such, experimental data

would have to been obtained for all possible platform temperatures in order to apply this model to

predict the moisture ratio for successive layers of deposited slurry, which is infeasible. Therefore

the adapted version of the model that can predict the moisture ratio over time for any given plat-

form temperature was developed in order to overcome this limitation (Equation 29). Developing

this model required mass loss data at multiple temperatures for a given layer thickness in order

to extract the values for the empirical constants (as shown in Figure 160). This data was only

available for 4 mm layer thickness (at 70 − 100◦C) and hence this model was only developed for

this layer thickness.

The output data from this model plotted alongside the experimental data gathered as the corre-

sponding platform temperature value provides an impressive level of accuracy for all temperatures

presented (Figure 134), similar to that of the temperature specific models. In order to evaluate

the accuracy of the model output data further it was plotted directly against the experimental

data in Figure 135. The model data was generated by inputting the time corresponding to each

experimental data point into the model to produce comparable moisture ratio values. These plots

present a very close fit between the data sets, with an R-squared value of over 0.99 across all

temperatures, which demonstrates the model’s capability to accurately predict the moisture ratio

of the slurry for any platform temperature at any given time after deposition. This strength of fit

between experimental and model output data is comparable to the values presented in literature

for the modelling of the moisture content within thin-layer fruits and vegetables [281, 296, 297],

demonstrating that these types of models are suitable for this application.

As outlined in Section 2.7, the primary focus of thin-layer drying models for a range of applica-

tions has been modelling the moisture content over time of a given material throughout the drying
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process. Whilst this has typically been applied to the thin-layer drying of fruits and vegetables

[255], it is of significance for this work because the moisture content of a layer of slurry influences

the deposition of the next successive layer, as discussed in Section 7.1.2. A moisture content too

high results in insufficient structural strength of the initial layer and results in collapsing of the

deposited tracks, whereas a moisture content too low results in poor merging between successive

layers. Therefore being able to predict the moisture content over time for a given layer is important

for understanding how to design the process to ensure it produces an optimal overall structure.

This model can be used to predict the optimal deposition time window for each layer during a

multi-layer deposition, or specifically to ensure that the moisture content of the previous layer does

not drop below the recommended 5 % minimum as discussed in Section 7.1.2 to allow sufficient

merging between layers. Once the model has been developed for a specific layer thickness (4 mm

in this case), all that is required is the steady state temperature for each layer that can be inputted

into the model, which can be obtained either using thermal imaging during the deposition process

or predicted using the final steady state temperature model as described in Section 7.2.3.

Ideally more data points would have been used for plotting Figure 133 in order to obtain the

values for the empirical constants used to build the model, which would require mass loss data for a

wider range of profile temperatures at a given layer thickness, in order to ensure the most accurate

values for the empirical constants extracted from the plot. Also, it would have been valuable if this

data was available for 2 mm and 6 mm, but particularly 2 mm as this is the layer thickness that

represented the track/layer height for the process developed in this work. However, the accuracy

output data from the model applied to the experimental data for 4 mm layer thickness demonstrates

how accurately it can predict moisture content over time, providing sufficient experimental data is

available to obtain values for the empirical constants and build the model. Whilst the data that

this model is able to generate is valuable for the development of the layer-by-layer foamed slurry

extrusion process, the data required to develop the model for each specific slurry layer thickness

is extensive and laborious to gather. Multiple moisture ratio values (at least 8 per temperature in

this work) throughout the drying process for each platform temperature are required in order to

establish the values of the empirical constants. This data has to be gathered for at least 4 platform

temperatures, however, as already discussed, ideally more than 4 temperatures would be applied

in order to provide a more accurate values for the empirical constants extracted from Figure 133.
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7.2.2 Drying Time Model Development

The drying time model is a model that can be used to predict the time taken for a layer of slurry

to dry when deposited on a heated platform, for any combination of layer thickness and platform

temperature. Developing this model requires data for the drying times of layers of slurry at various

thicknesses deposited on platforms at various temperatures. At least three different thicknesses and

platform temperatures are required in order to extract relationships between drying time and these

parameters. This data was available from the temperature profile and mass loss measurement

experiments described in Section 3.6.1. As discussed in Section 7.1.4, the drying time can be

approximately extracted from the temperature profile of a slurry layer deposited on the heated

platform by reading the time at which the curve reaches the end of the ‘drying plateau’ and the

temperature then begins to increase up towards the final steady state temperature. In reality, this

point does not define the time at which the slurry has fully dried, as drying continues even as the

slurry reaches its final steady state temperature, but at a greatly reduced rate. The mass loss data

collected for various layer thicknesses and platform temperatures shows that, for all combinations,

the slurries were at least 80 % dry at this point on the temperature profiles, as demonstrated in

Figure 130a and Appendix D. Defining this point as the ‘time to dry’ provides a definitive and

comparable cut-off where the majority of moisture has been removed from the slurry, which can

be extracted from temperature profile data for any slurry layer even when mass loss data was not

recorded.

The experimental values for drying time for each platform temperature and slurry layer thickness

combination were extracted from the slurry temperature profiles acquired using continuous thermal

image recordings. Table 17 presents the drying time data that was gathered from the captured

temperature profiles for various temperature and thickness combinations, which was then used to

develop the model.

The drying time model was developed from the initial moisture ratio model derived by Lewis

[256] for the drying of thin-layer materials (Equation 30).

MR = exp(−(kt)) (30)
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Platform Temperature
(◦C)

Measured Sample
Thickness (mm)

Drying Time from
Temperature Profile (s)

100◦C

1.8 166

3.03 402

5.48 1020

90◦C

1.8 269

3.2 438

5.4 1186

80◦C

1.84 347

3.44 799

5.32 1762

70◦C 3.24 990

Table 17: Table of experimental data gathered for drying time and measured thicknesses of slurry
samples deposited on ZMorph build platform pre-heated to various temperatures used to develop
the drying time model.

This time the drying constant k was defined using an adaptation of the GAB (Guggenheim-

Anderson-De Boer) relation [298]:

k =
c · exp(−Q/RT )

xn
(31)

Where c and n are empirical constants, Q is the activation energy (J/mol), R is the molar gas

constant and x is the sample thickness (mm). Applying Equation 31 relates the drying constant k

to both the platform temperature as well as the thickness of material layer. Two instances can then

be considered; constant temperature and constant thickness. By developing Equations 30 & 31 for

these two instances, and applying them to the empirical data gathered, values for the empirical

constants and other unknowns in Equation 31 can be acquired.

Equation 30 can be easily rearranged to give:

t =
−ln(MR)

k
(32)

Then by treating temperature as a constant value Equation 31 can be re-written in the following

way:
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k =
c′

xn
(33)

Where

c′ = c · exp(−Q/RT ) (34)

Combining this with Equation 32 then gives:

t =
−ln(MR)xn

c′
(35)

By taking the natural log of both sides of Equation 35 and then applying the laws of logarithms,

the following can be derived:

ln(t) = ln

(
−ln(MR)

c′

)
+ nln(x) (36)

Which now has the form of the equation of a straight line, therefore ln(t) can be plotted against

ln(x) to give the gradient as the value of the empirical constant n and the intercept as the value of

ln
(
−ln(MR)

c′

)
. Data was gathered as described in Section 3.6.3, from which time to dry values (s)

were extracted for 3 different layer thicknesses of slurry at constant temperature values of 70, 80, 90

and 100◦C. Values for the unknowns in Equation 36 were acquired by following the steps described

here for each temperature value, and then an average across the temperatures was calculated for

each.

A similar process was then followed, but with thickness being treated as a constant rather than

temperature. If thickness is constant then Equation 31 can be written as:

k = c′′exp(−Q/RT ) (37)

Where

c′′ =
c

xn
(38)

Which, when combined with Equation 32 gives:

t =
−ln(MR)exp(Q/RT )

c′′
(39)
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By taking the natural log of both sides of Equation 39 and then applying the laws of logarithms,

the following can be derived:

ln(t) = ln

(
−ln(MR)

c′′

)
+

Q

RT
(40)

As with Equation 36, Equation 40 now has the form of the equation of a straight line, meaning

that ln(t) can be plotted against 1/T to give Q/R as the gradient and ln
(
−ln(MR)

c′′

)
as the intercept.

Again, this was done using the data gathered as described in Section 3.6.3.

Following this method, the two instances were considered; constant temperature and constant

thickness. By considering these two instances, it allowed one of the variables that influences drying

time to be treated as a constant, which would then be combined with other empirical constants

within the model which values could be obtained for by processing the experimental data. Initially

temperature was treated as constant, and for each subset of data for drying time of samples of

different thicknesses at the same platform temperatures (80, 90 and 100◦C), the natural log of the

drying time (ln(t)) was plotted against the natural log the measured thickness of the sample (ln(x)).

By comparing Equation 36 to the equation of a straight line, values for the empirical constant n

and the combined empirical constant ln
(
−ln(MR)

c′

)
were acquired from the linear trendlines of each

data plot. These plots are provided in Figure 136, and the empirical values obtained from them

are summarised in Table 18.

Similarly then for the constant thickness scenario, data was used from Table 17 for the drying

time of samples of the same (or similar) thickness at different platform temperatures was used

to plot the natural log of the drying time (ln(t)) against the inverse of the platform temperature

(1/Tp) for 3 or more temperatures at each thickness. Again, by comparing Equation 40 with the

equation of a straight line and extracting values from the linear trendlines of the plots, values for

the combined empirical constants Q/R and ln
(
−ln(MR)

c′′

)
were obtained. These plots are provided

in Figure 137, and the empirical values obtained are presented in Table 18 along with the empirical

values obtained from the constant temperature scenario.
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Figure 136: Graph showing the natural log of slurry sample drying time (ln(t)) plotted against
the natural log of the sample thickness (ln(x)) for multiple platform temperatures, along with
trendlines and linear equations used to acquire values for empirical constants.

Figure 137: Graph showing natural log of slurry sample drying time (ln(t)) plotted against the
inverse of the platform temperature (1/Tp) for multiple sample thicknesses, along with trendlines
and linear equations used to acquire values for empirical constants.
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Constant Temperature

Empirical Constant Values

Platform Temperature
(◦C)

ln
(
−ln(MR)

c′

)
n

100 4.167 1.629

90 4.714 1.342

80 4.891 1.517

Mean 4.59 1.496

Constant Thickness

Empirical Constant Values

Sample Thickness (mm) ln
(
−ln(MR)

c′′

)
Q/R

1.8 -7.639 4791.2

3.2 -5.833 4399.2

5.4 -2.912 3667.7

Mean n/a 4286

Table 18: Table presenting drying time model empirical constant values obtained from trendline
equations of experimental data plots provided in Figures 136 & 137.

Finally, to create a model for drying time that relates to both temperature and thickness, first

Equations 34 and 35 were combined to give:

t =
−ln(MR)

c
exp(Q/RT )xn (41)

Equation 41 can also be derived by combining Equations 38 and 39 in a similar manner. The

values for Q/R and n were acquired from plotting the experimental data in the way described

earlier in this section, so in order to use Equation 41 to predict drying time a value needed to be

calculated for −ln(MR)/c. This was done by using the values obtained for the combined constant

−ln(MR)/c′ at each temperature as presented in Table 18, and applying Equation 34 which relates

the constants c and c′, to produce Equation 42.
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−ln(MR)

c
= exp

(
a+

Q

RT

)
(42)

Where a is the value of the combined empirical constant ln
(
−ln(MR)

c′

)
for each platform tem-

perature from Table 18. Using Equation 42, the values for the empirical constant −ln(MR)/c at

each platform temperature were calculated. From these, an average value was obtained which was

then used along with Equation 41 and the other previously derived empirical constants to calculate

theoretical values for drying time of a slurry sample of any thickness deposited on a platform pre-

heated to any temperature. Figure 138 provides the final output plots from the drying time model

applied for multiple sample layer thicknesses and a range of platform temperatures. Figure 139

shows the theoretical drying times from the model plotted against the experimental data for the

same temperature and thickness value combinations, in order to provide a reference for analysing

the accuracy of the model.

Figure 138: Graph of output data from drying time empirical model showing theoretical drying
time for different layer thicknesses of slurry deposited on various temperatures.

The drying time model (Equation 41) was simply developed to predict the drying time of a layer

of slurry of a given thickness deposited on a heated platform at a given temperature. As previously

highlighted, the experimental values for drying time were extracted from the temperature profiles

generated from the thermal imaging data for various temperature and layer thickness combinations.
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Figure 139: Graph of drying time model output data plotted against experimental data for the
same combinations of layer thickness and platform temperature.

The end of the drying plateau region of each plot was defined as the point where the slurry had

dried. In reality, as previously highlighted, this point represents the time at which at least 80 %

of the moisture has been removed from the slurry, however the rate of drying beyond this point is

significantly reduced. Extracting an exact time for when the moisture content reaches zero would

be infeasible from the temperature profiles alone, whereas it is straightforward to identify the end

of the drying plateau because it is an easily identifiable region on the profile.

Considering separate scenarios where temperature and thickness were each treated as constants

rather than variables allowed these to be combined with other empirical constants to find values for

the grouped empirical constants (Table 18). These grouped empirical constants were then inputted

into Equation 41 to create the model which is able to predict drying time for any given combination

of layer thickness and platform temperature. In order to calculate these grouped constants multiple

data points were required at each platform temperature and layer thickness, however the plots used

to extract the values (Figures 136 & 137) are based off only three or four data points because data

was only gathered for three different layer thicknesses and four platform temperatures. There is a
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reasonable degree of scatter within these plots, particularly the constant thickness plots in Figure

137, and therefore the accuracy of the values generated for these grouped empirical constants is

questionable. Despite this, when the model output values for drying time at a given layer thickness

and platform temperature were plotted against the corresponding experimental values (Figure 139),

the result shows a reasonably strong fit between the data sets with an R-squared of 0.9835. However,

with the gradient of the straight line fit being greater than 1, it is clear that the model is over-

predicting the drying time values. This may be influenced by the anomalous data point highlighted

in Figure 139, which corresponds to a 5.4 mm layer being dried on the platform at 70◦C. This

model output presented the greatest error between model data and experimental data of 27 %.

There was one other data point which had an error of 25 %, and the error for the rest of the output

data ranged between 1 − 14 %.

As well as the limited data used to generate the plots from which the empirical constants were

extracted, output error for this model is likely to result from the fact that slurry layers will contain

slightly different moisture contents at the end of the drying plateau region on the temperature

profiles, and so using this time value to represent the experimental value for drying time does not

necessarily provide a direct comparison. In general this model is of interest for this application,

but doesn’t actually provide information that is vital to the development of the process because

as previously highlighted the layers don’t need to be fully dry for successful deposition of the next

layer, as highlighted in the layer deposition timing experiment (Section 7.1.2). However, the model

is able to provide an estimate for the time corresponding to the end of the drying plateau with a

reasonable degree of accuracy, which could be used to help identify the optimal deposition time for

each layer within a multi-layer extrusion, as discussed further in Section 7.3. Also, once the model

has been built for a specific slurry, provided the model is built on a wide enough range of data it

can be used to predict the time for a layer of any thickness deposited on any platform temperature,

without any further data gathering required.

7.2.3 Steady State Layer Temperature Model Development

The final steady state temperature model is built upon the simple conservation of energy principle as

outlined in Equation 43, which states that the heat transferred through the slurry via conduction

(Qslurry) from the heated platform is equal to the heat transferred into the surrounding air via
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convection (Qair).

Qslurry = Qair (43)

The heat transferred through the slurry can also be defined using the general heat conduction

equation:

Qslurry = kA
∆T1
x

(44)

Where k is the thermal conductivity of the slurry (W/mK), A is the area of the top surface of

the slurry layer (mm2), x is the slurry layer thickness (mm) and ∆T1 = Tp − Ts where Tp is the

platform temperature and Ts is the final steady state temperature of the slurry in Kelvin.

The convective heat transfer into the surrounding air can be defined using Newton’s Law of

Cooling:

Qair = hA∆T2 (45)

Where h is the heat transfer coefficient (W/m2K), ∆T2 = Ts − Ta with Ta being the ambient

temperature, also measured in degrees Kelvin.

Combining Equations 43, 44 and 45 gives:

kA

x
(Tp − Ts) = hA(Ts − Ta) (46)

Which by simplifying and rearranging gives:

Tp − Ts
Ts − Ta

=
h

k
x (47)

Equation 47 represents the equation of a straight line which passes through the origin, therefore

the temperature ratio can be plotted against slurry layer thickness to give h/k as the gradient.

This process was followed using the final steady state temperatures acquired from the slurry tem-

perature profiles as described in Section 3.6.3, as well as the slurry layer thickness measurements

and known ambient and platform temperatures. The final steady state temperature values for thin
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layers of slurry deposited and dried on the pre-heated ZMorph platform were obtained from the

thermal profiles captured using the thermal imaging camera for various combinations of platform

temperature and layer thickness. Three different thicknesses of slurry were dried on the platform

at 70− 100◦C at 10◦C intervals, produced by passing the levelling tool over a deposited volume of

slurry with the 2, 4 and 6mm channels.

From this data, the temperature ratio was plotted against slurry layer thickness for each of the

values obtained from the experimental data, as presented in Figure 140. The value for the empirical

constant from the gradient was obtained as h/k = 0.0828 from the equation of the straight line.

Figure 140: Graph showing the temperature ratio plotted against slurry layer thickness for final
steady state temperature data along with equation of the linear trendline used to obtain a value
for the empirical constant h/k, as outlined in Equation 47

Once the h/k value had been obtained, Equation 46 was then rearranged in the following way

to provide an equation that can be used to model the final steady state temperature. Expanding

the brackets on the RHS of Equation 46 and adding and subtracting terms gives:

Tp + Ta
h

k
x = Ts

h

k
x+ Ts (48)

Then by taking Ts as a factor:
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Tp + Ta
h

k
x = Ts

(
h

k
x+ 1

)
(49)

Which can finally be rearranged to give:

Ts =
Tp + Ta

h
kx

h
kx+ 1

(50)

Equation 50 outlines the final steady state temperature model which, providing the platform

and ambient temperatures are known, can be used to predict the final steady state temperature

of a slurry layer of a given thickness that is deposited on the heated platform. This model was

applied using thickness and platform temperature values corresponding to the data already col-

lected to produce theoretical steady state temperature values which were then plotted against the

experimental values in order to assess the accuracy and reliability of the model, as presented in

Figure 141. It was then also used to calculate steady state temperatures for layer thicknesses and

platform temperatures for which experimental data had not been collected, as presented in Figure

142.

Figure 141: Graph showing steady state temperature model output values plotted against experi-
mental data for the same platform temperature and slurry layer thickness values.

237



Figure 142: Graph showing steady state temperature model output plots for a range of slurry layer
thicknesses deposited on specific platform temperatures.

The plot used to obtain the value of the empirical constant (Figure 140) combines the exper-

imental data for all thickness and temperature values so there are sufficient data points in order

to generate a trendline and extract the value of the empirical constant. However, a reasonable

amount of scatter in the data can be observed in the plot. Figure 142 presents the output data of

the model for layer thicknesses between 1−40 mm and platform temperatures between 60−100◦C.

The model output data values plotted against the experimental data (Figure 141) shows a strong

fit between the data points with an R-squared of 0.999. This is somewhat surprising considering

the scatter observed in the plot used to generate the empirical constant value, however once again

demonstrates how accurately these semi-empirical models can predict drying/thermal behaviour of

materials even within this application.

This model provides a number of key insights regarding the development of the foamed slurry

extrusion process. Firstly, it can be applied in order to identify the layer count at which gelation of

the foamed slurry will no longer occur because the steady state temperature of the previous layer

no longer exceeds the gelation temperature of the MC, providing the layer thickness and starting

platform temperature are known. This is demonstrated in Table 19 for 1.8 mm layer thickness

deposited on an initial platform temperature of 100◦C. It can be concluded from the data presented
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in the table that the absolute maximum layer count that could be reached is seven (as highlighted

in Table 19), which corresponds to a total height of 12.6 mm suggesting that an alternative source

of heating may be required in order to deposit more slurry beyond this point, as discussed further in

Section 7.3. Even at the 7th layer, with the low substrate temperature the drying time would be so

long that it may be infeasible to dry through platform heating alone. The experiments in this work

(Section 7.1) demonstrated that slurry layers can be dried at a platform/substrate temperature as

low as 70◦C, so this serves as the minimum guaranteed temperature at which the process is feasible,

which relates to the deposition of four layers at 1.8 mm layer thickness as highlighted in Table 19.

Layer Count Substrate Temperature (◦C) Model Output Final Steady
State Temperature (◦C)

1 100 88.6

2 88.6 78.8

3 78.8 70.4

4 70.4 63.2

5 63.2 57.1

6 57.1 51.2

7 51.2 47.2

8 47.2 43.3

Table 19: Table showing steady state temperature model output data for 1.8 mm thick layers of
Ti slurry deposited on an initial platform temperature of 100◦C.

The steady state layer temperature model highlights the importance of allowing each layer

to reach its steady state temperature before depositing the next layer, in order to ensure that

the number of extruded layers can be maximised whilst still being able to gel and dry. A wide

deposition interval was highlighted from the layer deposition timing experiment as presented again

in Figure 143, however the observations from this model output create a more narrow optimal

deposition interval as highlighted on the same plot. Methods for identifying this optimal interval

are discussed in Section 7.3.

This model links closely to the moisture ratio model because, as discussed in Section 7.2.1, it

requires the temperature of the previous layer to be known in order to predict the moisture ratio

over time of the next deposited layer. This final steady state temperature model can be used to

predict this without requiring the deposition process to be monitored using thermal imaging.
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Figure 143: Temperature profile for SS L slurry ∼ 2 mm layer deposited on ZMorph build platform
pre-heated to 100◦C, with highlighted deposition time interval from layer timing experiment and
optimal deposition interval from semi-empirical models interval for second layer.

7.3 Summary of Drying Behaviour and Semi-Empirical Drying Models

This chapter presents the application of thin-layer drying models to the drying of individual lay-

ers of foamed metal powder-based slurry (for Ti64 powder). These models, combined with the

understanding developed through the 3D material extrusion process development, provide an in-

depth understanding of this manufacturing process and the parameters that influence quality of

the extruded structures. The three semi-empirical models developed and applied to the novel AM

process of foamed metal powder extrusion each predict different parameters for thin layers of slurry

deposited on a heated substrate. When compared against the experimentally gathered data, the

output data from all of the models presents a statistically good fit, particularly for the moisture

ratio and steady state layer temperature models.

The moisture ratio model and final steady state temperature model provide vital information

regarding the deposition timing of successive layers of slurry as well as the maximum layer count that
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can be deposited for a given layer thickness and platform temperature. It has been highlighted that

the drying time model does not provide a particularly useful insight because the same information

can be extracted more accurately from the moisture ratio model, providing the final temperature of

each layer is known, and this can be predicted using the steady state temperature model. However,

the collection of moisture ratio data required to build the moisture ratio model is much more

intensive than the drying time model, because it requires the drying of multiple samples for different

durations, and recording mass both before and afterwards. The data required to build the drying

time model can be gathered simply through recording slurry surface temperature using a thermal

imaging camera and measuring the sample thicknesses after drying, therefore it is much more

straightforward to gather data at multiple temperatures and layer thicknesses. Also, as previously

highlighted, the moisture ratio model has to be developed for each specific layer thickness meaning

that this data has to be gathered for each thickness, whereas once the drying time model has been

developed it can predict the time for any temperature and thickness combination.

Overall, these models provide different valuable insights into the drying behaviour of the slurry

and can provide useful information that can be used when designing the extrusion process, particu-

larly with regards to the deposition timing of successive layers. The key outcome from this chapter

is that, using the information developed through the thin-layer models along with the layer timing

deposition experiment, an optimal deposition interval for each successive layer of slurry can be

identified as presented in Figure 143. Depositing the next layer of slurry within this interval allows

enough time for the previous layer to dry sufficiently and reach its final steady state temperature,

whilst still containing enough moisture so that when the next layer is deposited the material will

merge together to form a continuous structure. It is suggested that simple temperature monitoring

of the multi-layer extrusion process could be used to inform the deposition timing. The optimal

layer deposition timing interval can be identified from the temperature profile of the previous layer,

and so an automated thermal imaging system could be developed to continually monitor slurry

temperature and identify the start of this interval based on the expected temperature profile for a

deposited layer.

The final steady state temperature model highlighted that the maximum height of structure

that can be deposited using this method is limited, due to the only heat source being the heated

platform and as such the gelation of each layer relies on this heat being conducted through the
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previous layers. The model predicts the final temperature of each layer, which can then be fed

back into the model as the ‘substrate’ temperature for the next layer to be deposited. With each

layer the maximum temperature reached decreases and so the model can be used to highlight the

layer number where this temperature drops below the gelation temperature of the MC solution.

Beyond this, if further layers were deposited, the previous layers would not be gelled and as such

the layers would completely merge into one-another (as observed in Section 7.1.2) and the porous

structure would collapse. In order to remove this limitation, alternative heating methods would

need to be explored, as it is not recommended that the platform temperature should be increased

beyond 100◦C due to potential issues that could be caused by rapid boiling of the water content

within the slurry. A range of FDM machines available include a temperature controlled chamber

in order to provide control over the temperature and cooling of the extruded filament to avoid

issues around shrinkage or warping during cooling. This principle could be applied to provide an

alternative heat source for this process of foamed slurry 3D extrusion, however the temperature of

the syringe itself would need to be separately controlled to avoid gelation of the slurry within the

syringe prior to extrusion.

As highlighted in the literature around the application of these models to the thin-layer drying

of fruits and vegetables, these semi-empirical models provide more accurate predictions of drying

behaviour than theoretical models because they rely heavily on experimental data and make fewer

assumptions [255]. One of the concerns with applying these models to this AM process was that

typically these models are applied to material samples with negligible thickness (up to three particles

in thickness), whereas the average layer thickness for the process developed in this work is 1.8 mm.

However, as outlined in Section 2.7.3, these models have been applied to the drying of whole fruits

and were still able to provide an accurate prediction of drying behaviour [280].

As discussed in Section 2.7, the semi-empirical thin-layer drying models are built the assumption

of isothermal drying conditions, or at least that initial time taken for the material to reach the drying

temperature is negligible compared with the overall drying time. As such, the studies discussed

from the existing literature typically involve long drying times from several hours to multiple days.

It is clear from the temperature profiles obtained from the slurry samples deposited on the pre-

heated platform that the drying process is not isothermal, as there is a clear initial period of

heating (where gelation also occurs) prior to reaching the ‘drying plateau’ region (Section 7.1.3).
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However, once the slurry has reached the initial drying temperature, the process can be assumed to

be isothermal until the end of the drying plateau, as suggested by the near-constant temperature

observed within this region on the temperature profile. In reality, the 3D material extrusion process

is a track-by-track deposition process, whereas these models assume the temperature of each layer

is uniform. Deposition of an adjacent track will have an influence on the temperature and drying

behaviour of the previous track, however treating each layer as uniform allows these models to be

applied. Because the hatching strategy for each layer is identical, the drying time for each track

is the same throughout the layer before the next track is deposited on top, therefore treating the

drying behaviour of each layer as uniform is a reasonable assumption.

Considering these limitations, as well as the previously highlighted issues caused by the scatter

within the experimentally gathered data and limited available data points for defining linear trend-

lines, the accuracy of the output data generated by the models developed in this work is somewhat

impressive. This work confirms that these types of models are suitable for applications where ma-

terial thickness is greater than a few particles, and even when isothermal conditions cannot strictly

be assumed.

243



8 Chapter 8: Conclusions and Future Recommendations

This work has demonstrated the capabilities of a novel method of manufacturing for producing

porous titanium (Ti64) with optimal properties for the application of artificial orthopaedic implant

material. This method of manufacturing combines two processes; foam gel casting and AM, specif-

ically material extrusion. Foam gel casting of Ti64 has received very little attention in existing

research despite successful implementation with a wide range of ceramics and more recent develop-

ment for stainless steel. Also, the foam gel casting process has not previously been combined with

material extrusion.

8.1 Key Conclusions

In Chapter 4 of this work, a novel foam gel casting process was developed for Ti64 powder and

optimised to produce porous structures with properties that have been highlighted in existing lit-

erature as being optimal for biocompatibility of orthopaedic implants, and that mimic those of

human trabecular bone as summarised in Section 2.9. The application of the foam gel casting pro-

cess using Ti64 powder has been almost entirely unexplored, and therefore this work provides an

important novel contribution to this area of research. The stability of the optimised Ti64 powder

slurry when foamed was demonstrated, particularly when stored within a syringe with the plunger

inserted. Also, the ability to extrude this foamed slurry through a 2 mm nozzle without causing the

foam to collapse was demonstrated, which is an application which has not previously been inves-

tigated for foamed powder-based slurries. The sintering stability of the resulting porous material

was highlighted by burning out the MC binder that holds the powder particles together when the

samples have been dried, which showed that these structures would be stable during sintering. In

addition, the sintered mechanical properties of this highly porous Ti64 material were estimated by

analysing data available within existing literature for porous SS 316L with comparable structure

and porosity, and produced using the same process. These calculated estimates demonstrate that

this material may, despite containing a high level of porosity as required for implant material,

maintain mechanical properties close to those of human cortical bone, which is necessary in order

to be applied in load-bearing applications.

Chapter 5 highlighted the high viscosity of the initial optimised Ti64 slurry, and identified
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the challenges associated with reducing viscosity of this foamed slurry. The work in this chapter

developed a clear understanding of how different slurry composition and mixing process parameters

impact the viscosity and stability of the slurry and the green strength of the resulting dried samples.

This chapter provides a summary of the parameters that can be used to reduce the slurry viscosity,

and how these parameters impact the slurry stability and sample green strength. Whilst there

is some scattered information in existing literature around altering the slurry viscosity for foam

gel casting, it has not been thoroughly investigated and the information has not previously been

presented in a clear manner as it has in this work. Reducing powder particle size was identified as

a the most effective way to reduce slurry viscosity whilst maintaining stability and green sample

strength, and the challenges this presents when working with Ti64 powder have been highlighted.

Chapter 6 presents the systematic development of the 3D extrusion process for the key foamed

metal powder-based slurry compositions highlighted from Chapter 5, through the extrusion and

analysis of single tracks, single layers containing multiple adjacent tracks, and 3D structures consist-

ing of successive layers. This process has never previously been developed using foamed powder-

based slurries in order to extrude material containing macro-scale porosity. As such, this work

presents a key novel contribution to this area of research. The work in this chapter clearly demon-

strates that this process is capable of extruding 3D scaffolds containing interconnected porosity,

where the tracks and layers merge successfully to produce a continuous material.

The work in Chapter 7 developed a thorough understanding of the drying behaviour of the

foamed Ti64 powder slurry when deposited on a heated platform in a layer-by-layer manner, which

is key for the development of this process because gelling and drying of each extruded layer is

vital. In addition to this, a number of thin-layer drying models were applied to this process and it

was clearly demonstrated that these models can accurately predict the drying behaviour of foamed

metal powder-based slurry, despite the assumptions that they are built on not being strictly true

for this process. This work presents a novel application of these thin-layer drying models, which

are typically applied to true thin-layer applications and have never been applied to the drying of

powder-based slurries before. The work in this chapter demonstrated how these models can be used

to highlight key information about the drying behaviour of the slurry, in particular identifying the

optimal window for the deposition of successive layers, as well as the limitations of the process.

Overall, this work clearly demonstrates the feasibility of this innovative method of manufactur-
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ing using a novel Ti64 foamed slurry composition, and its suitability for the application of producing

porous Ti64 scaffolds for orthopaedic implant material, as well as a range of other applications for

porous metals. This process is capable of producing titanium implants with optimal internal porous

structures for bone in-growth that mimic that of human trabecular bone, whilst also potentially

providing mechanical strength that is similar to that of cortical bone, which can be extruded in

a layer-by-layer manner to readily produce bespoke geometries without the need for a mould. As

highlighted in Section 2.8 and summarised in Table 4, there are no existing manufacturing pro-

cesses able to achieve this without requiring complex computational resources, whereas the work

presented here demonstrates the feasibility of this process using readily available equipment and

simple processes. Whilst there are areas which require further important investigation, this body

of work represents a fundamentally important foundation in the development of this process and

provides key insights for its future development. The details of these areas which require further

development are presented next.

8.2 Recommendations for Future Work

The work in Chapter 5 highlighted the importance of the viscosity of metal powder-based slurries

for 3D material extrusion. It was demonstrated that the high viscosity of the original optimised

Ti64 powder slurry had a significantly detrimental impact the quality of extruded tracks, layers

and structures. Using SS 316L powders, it was clearly demonstrated that reducing powder size

offers the most effective way of decreasing viscosity whilst maintaining stability and green strength.

Whilst there are issues associated with handling very fine titanium powders, it was highlighted in

this work that there is AM grade Ti64 powder available in smaller size ranges (< 25 µm) than

that used in this work (23.2 − 44.9 µm), that should be suitable for this process. This powder

was not available for this work, and so presents an obvious opportunity for further developmental

work in this area which has the potential to produce a foamed Ti64 slurry more suitable for the

3D extrusion process. This work in this chapter also highlighted that there is a significant gap in

existing research around the suitability of specific dispersants for creating metal powder slurries,

which presents an opportunity for valuable research to be conducted in the future.

The development of the 3D material extrusion process only included the extrusion of basic

geometries, where each extruded layer followed the same extrusion pattern. More complex features
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such as the ability to extrude overhangs, or the use of hatching strategies that vary with each layer,

have not been explored in this work. Therefore, there is clear scope for further development of

this process. Due to the nature of the material, it is unlikely that it would be possible to extrude

overhangs between layers, and as such it is suggested that the use of a secondary sacrificial support

material would be required, which was also suggested in Section 6.3.3 as being a possible means of

preventing spreading of the outer track. As the slurry was mixed using MC solution as the gelling

agent, it would be logical to use a MC based support material that could be loaded with a sacrificial

powder that could be burned out during sintering. The development of this support material, as

well as a multi-syringe system that would allow the extrusion of the slurry and support material

in the same process, presents an important body of future work which could significantly enhance

the capabilities of this process by enabling the extrusion of more complex geometries.

The thin-layer drying models, and the steady state layer temperature model in particular,

highlight that if relying on a heated platform as the only heat source for this process, the number

of layers that can be deposited is restricted because the maximum temperature that each layer

reaches decreases, as outlined in Table 19. The maximum layer count is determined by the original

platform temperature, as well as the thickness of the layers being deposited. After a certain number

of layers, the temperature will no longer reach the gelling point of the MC solution within the slurry,

and the layers will no longer be able to dry. Therefore, this highlights the need to develop systems

with alternative heat sources, as discussed in Section 7.3, that can overcome this limitation. It

should be noted that these thin-layer models would also be suitable for drying within a heated

chamber, as their typical applications in literature are for drying of thin-layer materials within an

oven.

It should be emphasised that all the structures and samples analysed and discussed in this

work were green, meaning that they had not been sintered. The decision was made to analyse the

samples without sintering because of a lack of access to a furnace capable of sintering Ti64 and SS

316 powders, and working with green samples allowed a significantly greater amount of samples to

be analysed allowing the work to progress without delays related to accessing facilities for sintering

samples. As a result, there still remains an important body of research to be completed following

on from this work in order to understand the impact of the sintering process and conditions on

the porous structures produced from both Ti64 and SS 316L powder slurries. The Ti64 structure
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sintering stability test presented in Figure 4.1.5 demonstrated that the porous Ti64 samples pro-

duced by foam gel casting are able to maintain their structure even when the MC is burnt out,

which shows that they can be sintered without collapsing providing the conditions are suitable.

As discussed in Section 2.6.6, Lin and Kennedy reported a shrinkage of 15 − 25 % as a result of

sintering of their porous SS 316L samples produced by foam gel casting with a slurry of similar

composition to the slurries developed in this work [243]. Currently there is no data available for

the sintering of porous Ti64 samples produced through foam gel casting as this work presents a

novel contribution in the development of this process for Ti64. However, the composition of the

Ti64 powder slurries in this work is similar to those used by Lin and Kennedy, and therefore similar

sintering behaviour in terms of shrinkage is to be expected. Section 2.3.1 presents details of the

sintering conditions of Ti64 applied in various PM studies, and how the sintering conditions affect

final density of Ti64 parts where the aim is to reduce the residual porosity that occurs as a result of

the PM process. It has been demonstrated that both powder particle size and sintering temperature

effect the shrinkage of parts during sintering, and as such have an impact on the final density [158].

Also sintering pressure has been shown to have a significant effect on the final density of sintered

Ti64 powder parts [143], therefore all these conditions need to be considered and can be optimised

for sintering the porous structures produced using the method developed in this work.

In addition, until the samples produced in this work have been sintered, the mechanical proper-

ties cannot be evaluated in order to determine whether they are suitable for the purpose. However,

the graphs of Young’s modulus and yield strength against porosity of Ti64 samples generated using

data obtained from various literature sources, presented in Section 2.5, were generated to provide

an estimate of the final mechanical properties of the structures produced from foamed Ti64 powder

slurries. It is clear from these plots that the level of porosity in the samples produced in this work

would result in a sufficient reduction in mechanical strength of the Ti64 in order to overcome the

issues caused by stress-shielding, as outlined in Section 1.1. However, it is important to ensure

that the material would still provide sufficient strength for load-bearing applications, and therefore

there is a clear demand for mechanical testing of the sintered structures. Also, it was highlighted

in the literature that the sintering conditions and heat treatment can have a significant impact on

the properties of Ti, and as such there is scope for further investigation regarding the optimisation

of these processes to enhance the mechanical properties of the structures for this application.
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of additive manufacturing technologies used to fabricate metals in implant dentistry”. In:
Journal of Prosthodontics 29.7 (2020), pp. 579–593.

[63] Samy Tunchel et al. “3D printing/additive manufacturing single titanium dental implants:
a prospective multicenter study with 3 years of follow-up”. In: International journal of
dentistry 2016 (2016).

[64] Carlo Mangano et al. “Prospective clinical evaluation of 201 direct laser metal forming
implants: results from a 1-year multicenter study”. In: Lasers in medical science 27.1 (2012),
pp. 181–189.

[65] Francesco Mangano et al. “Immediate restoration of fixed partial prostheses supported by
one-piece narrow-diameter selective laser sintering implants: a 2-year prospective study in
the posterior jaws of 16 patients”. In: Implant Dentistry 22.4 (2013), pp. 388–393.

[66] Marion Dehurtevent et al. “Stereolithography: a new method for processing dental ceramics
by additive computer-aided manufacturing”. In: Dental materials 33.5 (2017), pp. 477–485.

[67] Keunbada Son, Jung-Ho Lee, and Kyu-Bok Lee. “Comparison of intaglio surface trueness
of interim dental crowns fabricated with SLA 3D printing, DLP 3D printing, and milling
technologies”. In: Healthcare. Vol. 9. 8. MDPI. 2021, p. 983.

[68] Mohammad Mujtaba Methani, Marta Revilla-León, and Amirali Zandinejad. “The potential
of additive manufacturing technologies and their processing parameters for the fabrication
of all-ceramic crowns: A review”. In: Journal of Esthetic and Restorative Dentistry 32.2
(2020), pp. 182–192.
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[297] Gökçe Dadali and Belma Özbek. “Microwave heat treatment of leek: drying kinetic and
effective moisture diffusivity”. In: International journal of food science & technology 43.8
(2008), pp. 1443–1451.

[298] Jan Hendrik DEBOER. The dynamical character of adsorption. Vol. 76. 2. LWW, 1953.

271

https://batch.libretexts.org/print/url=https://chem.libretexts.org/Courses/Woodland_Community_College/WCC%3A_Chem_10_-_Concepts_of_Chemistry/Chapters/12%3A_Liquids_Solids_and_Intermolecular_Forces/12.4%3A_Evaporation_and_Condensation.pdf
https://batch.libretexts.org/print/url=https://chem.libretexts.org/Courses/Woodland_Community_College/WCC%3A_Chem_10_-_Concepts_of_Chemistry/Chapters/12%3A_Liquids_Solids_and_Intermolecular_Forces/12.4%3A_Evaporation_and_Condensation.pdf
https://batch.libretexts.org/print/url=https://chem.libretexts.org/Courses/Woodland_Community_College/WCC%3A_Chem_10_-_Concepts_of_Chemistry/Chapters/12%3A_Liquids_Solids_and_Intermolecular_Forces/12.4%3A_Evaporation_and_Condensation.pdf
https://batch.libretexts.org/print/url=https://chem.libretexts.org/Courses/Woodland_Community_College/WCC%3A_Chem_10_-_Concepts_of_Chemistry/Chapters/12%3A_Liquids_Solids_and_Intermolecular_Forces/12.4%3A_Evaporation_and_Condensation.pdf
https://doi.org/https://doi.org/10.1016/S0260-8774(01)00126-1
https://www.sciencedirect.com/science/article/pii/S0260877401001261
https://www.sciencedirect.com/science/article/pii/S0260877401001261
https://doi.org/10.1080/07373930701590954
https://doi.org/10.1080/07373930701590954
https://doi.org/10.1080/07373930701590954
https://doi.org/10.1080/07373930701590954


Appendices

A Methylcellulose Data Sheet

Figure 144: Technical data sheet for Methylcellulose M0262 (page 1).
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Figure 145: Technical data sheet for Methylcellulose M0262 (page 2).
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Figure 146: Technical data sheet for Methylcellulose M0262 (page 3).
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Figure 147: Technical data sheet for Methylcellulose M0262 (page 4).
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Figure 148: Technical data sheet for Methylcellulose M0262 (page 5).
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B Darvan 7-N Dispersant Data Sheet

Figure 149: Technical data sheet for Darvan 7-N dispersant (page 1).
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Figure 150: Technical data sheet for Darvan 7-N dispersant (page 2).
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C Triton X100 Surfactant Data Sheet

Figure 151: Technical data sheet for Triton X100 surfactant (page 1).
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Figure 152: Technical data sheet for Triton X100 surfactant (page 2).
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D Slurry mass loss and temperature plots

(a)

(b)

Figure 153: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 4mm sample layers
of foamed slurry deposited on 70◦C platform.
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(a)

(b)

Figure 154: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 2mm sample layers
of foamed slurry deposited on 80◦C platform.
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(a)

(b)

Figure 155: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 4mm sample layers
of foamed slurry deposited on 80◦C platform.
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(a)

(b)

Figure 156: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 6mm sample layers
of foamed slurry deposited on 80◦C platform.
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(a)

(b)

Figure 157: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 2mm sample layers
of foamed slurry deposited on 90◦C platform.
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(a)

(b)

Figure 158: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 4mm sample layers
of foamed slurry deposited on 90◦C platform.
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(a)

(b)

Figure 159: Graphs showing sample mass loss data against baseline temperature profile (a) and
final sample temperature recordings against baseline temperature profile (b) for 6mm sample layers
of foamed slurry deposited on 90◦C platform.
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E Plots from Moisture Ratio Model used to Calculate Empirical

Constants

(a) 70 ◦C (b) 80 ◦C

(c) 90 ◦C (d) 100 ◦C

Figure 160: Graphs showing ln(−ln(MR)) plotted against (ln(t)) for 4mm thick slurry layers
drying on ZMorph platform pre-heated to various temperatures.
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